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Thonaa  Cilia  White 

Doctor  of  Philosophy  in  Oceanography 
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Professor  Douglas  L.  Inman*  Chalraan 

Sand  tranaportyin  the  nearshore  occurs  under 
oscillatory  waves  and  steady  currants*  on  rippled  or  flat 
bads*  and  as  badload  or  suspended  load.  Sand  transport  as 
<3*5  bedload  on  nearly  flat  beds  in  shallow  water  outside  the 
breakers  la  the  sub] act  of  this  study. 

The  appropriate  variables  necessary  for  computation 
of  sediment  transport  are  grouped  into  a  few  dimensionless 
force  ratios  using  the  techniques  of  dimenalonal  analysis* 
forming  a  aadlmant  transport  nodal.  }  Other  invastigatora 
have  proposed  various  badload  models  **«$at(ng  fluid 
velocity  and  other  parameters  to  transport.  Savantaan 
different  badload  modala  are  claaaifiad*  described*  reduced 
to  the  same  sat  of  notation*  compared*  and  tasted  against 
maaaurad  transport. 

^Fiald  axpariaanta  measuring  fluid  velocity  and  sand 
transport  ware  performed  seaward  of  the  breaker  region. 


Fluorescent  sand  tracer  was  used  to 


both 


tAdiatnt'tranaport  velocity  and  thickness.^  Techniques  for 
dyeing, fin 3 acting,  and  coring  sand  ware  developed  and 

'V'~T  >  r-  h<-j - - .. 

tested.  A  total  of  3Cr tracer  experiments  were  performed 
under  differing  wave  and  sediment  conditions. 

Redundant  instruments  are  used  to  estimate 
measurement  errors  in  fluid  velocity  moments  and  sand 
transport.  Recovery  rates  and  size  distributions  of  tracer 
were  used  to  judge  experiment  quality  and  were  comparable 
to  previous  studies  in  the  surf  zone. 

^Transport  thickness  is  well  correlated  with  orbital 
diameter  but  not  weve  height  or  fluid  velocity.  Different 
powers  of  the  fluid  velocity  ere  compered  with  sediment 
transport.  The  lower  velocity  moments  perform  much  better 
then  the  higher  moments.  \  Even  more  important  then  which 


lower-ord 


higher  moments,  \ 
er  moment  is  u*e< 


ad  to  predict  sediment  transport  is 


the  accurate  aeasujreSent  of  fluid  velocity,  particularly 
the  mean  flow.^Use  of  e  threshold  criterion  is  essential 
in  predicting  whether  the  send  transport  is  onshore  or 
offshore.  Results  suggest  that  the  appropriate  power  of 
fluid  velocity  necessary  for  computing  sand  transport  may 
itself  be  a  function  of  the  flow  intensity.  T 

Determining  functional  dependence  of  transport  on 
quantities  other  than  fluid  velocity  (sand  size,  send 
density,  transverse  fluid  velocity,  peek  wave  period) 
requires  a  larger  range  of  conditions  than  were  present  in 
these  experiments. 
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1 .  INTRODUCTION 


It  haa  long  baan  known  that  wavaa  and  curranta  aova 
aand  on  baachaa.  Evan  tha  caaual  obaarvar  aaaa  aand  motion 
on  many  diffarant  tima  and  apatial  acalaa.  Sand  ia  movad 
back  and  forth  with  aach  wava.  Barma  and  bara  form  and 
diaappaar.  On  many  baachaa,  including  tha  California 
baachaa  in  thia  atudy,  aand  movaa  offahora  in  tha  wintar 
and  raturna  to  form  a  aubaarial  barm  in  tha  aummar. 
Gaologiata  hava  attamptad  to  daacriba  thaaa  diffarant 
morphological  forma  of  aand  accumulation  but  hava  baan 
thwartad  by  tha  complax  mixtura  of  motiona  on  ao  many 
acalaa. 

Davalopmant  of  aadimant-tranaport  ralationa  bagan 
by  auggaating  that  longahora  tranaport  ia  proportional  to 
tha  longahora  componant  of  waVa  anargy  (Scrippa  Inatitution 
of  Ocaanography ,  1947).  Tha  U.  S.  Army  Corpa  of  Enginaara 
(Baach  Eroaion  Board,  1950)  haa  uaad  auch  a  formulation, 
changing  only  tha  numarlcal  coafficiant  in  tha  modal  ovar 
tha  yaara.  Many  atudlaa  (Watt a,  1953;  Inman  at  al ,  1968; 
Komar  and  Inman,  1970;  Inman  at  al,  1980;  Daan  at  al,  1982; 
Kraua  at  al,  1982;  Whita  and  Inman,  1987b)  hava  baan 
parformad  to  taat  tha  now  wall-known  ralation  of  wava 
propartiaa  and  total  longahora  tranaport: 

I  ■  K  E  Cn  ain  «c  coa  •*  (1.1) 

whara  tha  wava  paramatara  ara  anargy  E,  group  valocity  Cn, 
and  angla  of  wava  approach  at  tha  braakpoint  «. 


Tha  transport,  I,  in  Equation  (1.1)  ia  an  avaraga 
quantity  in  both  tiaa  and  apaea.  Although  thla  ralation 
yialda  tha  corract  transport  on  avaraga,  it  ia  now  known 
that  whan  it  ia  appliad  to  apacific  baachaa  undar  apacific 
wava  eonditiona  it  auat  ba  aodifiad.  Tha  coafficiant  o£ 
proportionality  K  ia  not  a  constant,  but  dapanda  on 
variablaa  such  aa  baach  ataapnaaa  and  wava  pariod  (Whita 
and  Inaan,  1987b) . 

Bacauaa  ralation  <1.1)  avaragaa  ovar  many  o£  tha 
taaporal  and  spatial  acalaa  of  intaraat,  aaphaaia  auat  ba 
placad  on  undaratanding  tha  undarlying  physics  i£  tha 
aachanica  ia  to  ba  undaratood.  Spacifically ,  tha  fluid 
forcing  and  raaultant  aadiaant  transport  auat  ba  aaaaurad 
on  aaall  taaporal  and  spatial  acalaa  that  can  than  ba 
intagratad  to  obtain  largar~acala  phanoaana.  Ona  approach 
ia  to  aaaaura  propart iaa  on  acalaa  saallar  than  tha  acalaa 
on  which  tha  wava  and  aadiaant  propartiaa  vary 
substantially.  That  ia  tha  aathod  uaad  in  this  study: 
aaaaura  wavaa,  currants,  and  sand  notion  in  natural  fiald 
conditions  on  aufficiantly  aaall  acalaa  that  basic  physical 
transport  ralationa  aay  ba  taatad. 

1.1  Transport  raqlaaa 

Sand  aay  fora  diffarant  aorphological  ahapaa  in 


raaponaa  to  diffarant  anargy  lavala  and  typaa  of  forcing. 
Only  prograaaiva  oscillatory  wavaa  will  ba  conaidarad  hara 


Tha  nondimenaional  forcing  la  given  by  the  ratio  of  fluid 
•traaa  to  tha  forca  of  gravity  acting  on  individual  aand 
graina,  tha  Shialda'  nuabar  (Shialda,  1936) : 

6  *  ■»  u2 _  (1.2> 

<>®a"/»)  9  D 

Thia  paraaatar  waa  originally  davalopad  for  ataady 
flow,  but  haa  baan  uaad  to  daacriba  conditiona  in 
oacillatory  flow  aa  wall  (Dingier  and  Inman,  1976) .  Thay 
uaad  tha  wava  orbital  velocity  amplitude  ua.  However, 
ainca  wa  aaaaurad  tha  inatantanaoua  velocity  u<t),  wa  uaa  9 
with  tha  inatantanaoua  u(t>  throughout  thia  atudy.  Aa  tha 
flow  bacoaaa  aora  energetic,  tha  Shialda'  nuabar  for  tha 
flow  incraaaaa,  and  tha  badfora  typa  changaa.  In  tha 
naarahora  Shialda'  nuabar  incraaaaa  aa  dapth  dacraaaaa, 
both  bacauaa  wava  haight  incraaaaa  and  thara  ia  laaa 
attantuation  between  tha  aurfaca  and  tha  aaa  bad.  Tha 
changaa  in  energy  level  and  tranaport  regime  aa  wavaa 
approach  tha  ahor aline  are  illuatratad  in  Figure  (1-1). 

Far  offahora  tha  bad  la  either  flat  or  haa  remnant  ripplaa 
from  prior  atorma.  Aa  tha  ShiaJd'a  number  incraaaaa  paat 
aoma  thraahold  value,  tha  aand  graina  form  vortex  ripplaa, 
typically  with  wavelengths  of  tana  of  cantimatara.  Tha 
wavalangtha  and  haighta  of  tha  ripplaa  are  variable  and  a 
function  of  both  fluid  velodtiea  and  grain  alza  (Inman, 
19S7> .  Aa  tha  wavaa  ahoal,  bottom  valocitiaa  incraaaa,  and 
tranaition  ripplaa  are  formed  (Figure  l-2>.  Aa  tha  wavaa 


ahoal  further,  tha  ripplaa  are  entirely  daatroyad 
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Figuro  1-1.  Transport,  rsgiaaa  in  ths  nssrshors  (from 
Xnaan,  1979).  Expariaanta  wars  parforaad  at  tha  boundary 
batwaan  transition  flow  and  ahaat  flow. 


c 


Figurs  1-2.  Photograph  of  bad  with  transition  ripplaa 
(from  Inman  at  al ,  1986).  This  typa  of  topography  was 
somatimas  prasant  during  tha  axparimants  whan  tha  bad  was 


not  in  motion. 


than  aovat  in  what,  appaar  to  ba  corrugatad  layara  of 
danaaly  packad  granular-fluid.  Thla  typa  of  tranaport  haa 
baan  rafarrad  to  aa  "ahaat  flow"  or  "carpat  flow." 
Larga-acala  badforaa  with  wavalangtha  of  Mtara,  auch  aa 
dunaa,  antl-dunaa,  and  bar  a,  hava  alao  baan  obaarvad  undar 
cartaln  apaclal  conditions,  but  thay  wara  not  obaarvad 
during  any  of  tha  exparimanta  in  thia  atudy.  Thair 
ganaratlon  and  bahavior  undar  oacillatory  flow  ia  poorly 
undarstood . 

Tha  axpariaanta  par for sad  in  thia  atudy  wara  in  tha 
carpat  flow  ragima.  Whan  tha  aadiaant  waa  in  motion 
(typically  undar  long  pariod  awall)  tha  aand  bad  aovad  aa 
ralativaly  flat  carpat  flow.  Howavar,  onca  tha  wava  craat 
paaaad  and  tha  aand  aattlad  back  to  tha  bad,  tha  graina 
would  typically  rafor*  into  tranaition  ripplaa.  Thaaa 
axpariaanta  wara  parformad  outaida  tha  braakara  whara  tha 
aand  movad  aa  carpat  flow  and  formad  tranaition  ripplaa  at 
raat  (Figura  1-1).  Notica  that  tha  offahora  location  of 
thia  tranaport  ragima  dapanda  on  tha  anargy  laval  of  tha 
wavaa . 

Sinca  tha  axpariaanta  took  placa  in  tha  carpat-flow 
ragima,  tha  quantitativa  daacription  of  thia  ragima  ia 
important.  Inman  at  al  (1986)  daacriba  thraa  diffarant 
boundariaa  batwaan  typaa  of  flow:  batwaan  no  motion  and 
tha  initial  mobilization  of  sand  graina  (hareaftar  rafarrad 
to  aa  "thraahold") ,  at  tha  Initiation  of  carpat  flow,  and 
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•t  tha  initiation  of  •  vory  intense  notion  of  tho  bod  in 
flat  ahoota.  Tho  only  ono  of  thoao  boundarioa  which  wo 
will  uao  in  conputationa  ia  throahold.  In  thla  atudy  wo 
apply  volocltloa  in  bodload  nodola  for  all  pointa  in  tho 
tino  aorioa  during  which  aand  ia  in  notion  (abovo 
throahold).  Sovoral  invoatlgatora  havo  fornulatod 
oquationa  for  tho  throahold  Shields'  nunbor.  Wo  coaputod 
valuoa  froa  two  difforont  rolationa.  Tho  throahold 
volocitioa  coaputod  froa  tho  two  aothoda  difforod  by  an 
avorago  of  16a,  but  tha  pradietod  bodload  transport 
difforod  by  loan  than  la  onco  appliod  to  various  bodload 
aquations  (Section  5.1).  Bsaod  on  a  transition-ripple 
atudy  porforaod  at  tho  aaao  boach  as  our  oxporiaonts, 
Dinglor  and  Inaan  <1976)  oxproaaod  tho  throahold  Shields' 
nuabor  nocoaaary  for  initiation  of  transport  as: 

0t  *  0.063  S0.6  R0.2  <1.3) 

i 

whoro  S  *  d0/D  is  tho  Strouhal  nuabor  and  R  ■  <u>D/v  ia  tho 
grain  Reynold's  nuabor,  and  tho  coofficlont  0.065  ia 
botwoon  tho  valuoa  for  tha  data  sots  of  Bagnold  <1946)  and 
Dinglor  and  Znaan  <1976).  Sayaour  <1965)  coabinod 
throahold  Shiolda'  nuabora  froa  throo  physically  quito 
difforont  rolationa  and  produced  aaooth  curvoa  joining  tho 
difforont  rolationa.  Hla  curvoa  worn  tho  aacond  aothod 

! 

I 

uaod  to  coaputa  threshold  Shields'  nuabora  for  those 

i 

!  oxporiaonts. 
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Henceforth  it  will  be  assumed  that  carpet  flow  is 


the  type  of  transport  aeaaured  in  thia  study,  since  that  is 
the  transport  regime  observed  during  the  times  when  the 
sand  waa  in  motion. 

_ Tnntggft  hlntwttlgi 

This  study  describes  the  modes  of  sediment 
trenaport  from  a  dynamical  approach,  examining  the 
relationships  between  the  fluid  forces  and  the  resulting 
sand  notion.  Forces  ara  averaged  over  many  grain  diameters 
and  many  wave  cycles.  Nevertheless,  an  understanding  of 
the  kinematics  of  transport,  the  details  of  the  motion,  is 
useful  when  examining  the  assumptions  in  the  theoretical 
models  and  experimental  methods  to  be  described. 
Unfortunately,  the  details  of  the  kinematics  of  carpet  flow 
are  not  well  known.  Some  kinematics  inferred  from  visual 
observation  of  the  flow  ara  described  below.  However, 
complete  description  of  the  kinematics  requires 
measurements  of  fluid  and  sediment  flow  within  the  boundary 
layer.  For  the  preliminary  results  from  such  sn 
investigation,  the  reader  is  referred  to  Inman  et  al 
(1966).  The  measurement  of  macroscopic  flow  parameters  and 
test  of  macroscopic  transport  models  in  this  dissertation 
do  not  require  knowledge  of  the  kinematic  details. 

The  following  is  a  description  of  the  kinematics 
obtained  from  visual  observations,  which  were  part  of  this 
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study#  snd  also  sppssr  in  Znssn  st  si  <1986)  in  sors 
datall.  Whan  wavaa  of  suffieiantly  long  pariod  snd  of 
suffieiant  anargy  occur  ovar  aithar  a  flat  bad  or  tha 
transition  ripplas  of  Figura  <l-2>#  grains  first  bagin  to 
sova  st  tha  onsat  critarion  (Equation  1.3)  followad  by 
intansa  aobllization  st  spots  spscad  a  faw  cantiaatara 
apart.  Tha  antira  bad  forsa  thaaa  cylindars  of  swirling 
sand  snd  wstar  of  a  faw  cantiaatara  in  halght.  Tha 
aobllization  of  tha  sand  bad  procaads  froa  thaaa 
cylindrical  spots  to  tha  antira  bad  sftar  only  a  fraction 
of  a  sacond.  Tha  coaplataly  aobillzad  bad  than  appasrs  to 
hava  a  vary  unavan  aurfaca,  which  sight  ba  dascribad  as 
"tufts"  and  rasaabling  a  carpat.  This  typa  of  flow  is 
illuatratad  in  tha  right-hand  sida  of  Figura  (1-3).  Tha 
sobilizad  sand  is  confinad  to  within  a  faw  cantiaatara  of 
tha  original  at-raat  bad  laval.  If  suffieiant  anargy  is 
prasant  during  accalaration#  tha  bad  say  procaad  during 
dacalaratlon  to  what  haa  baan  tarsad  "bursting"  in  which 
tha  sand  bursts  abova  tha  carpat-flow  laval.  Following 
bursting  tha  grains  ara  scattarad  ovar  aavaral  rippla 
wavalangtha#  and  tha  at-raat  bad  la  aaaantially  flat.  In 
tha  absanca  of  bursting,  tha  sobilizad  grains  nova  in  an 
ordarad  orbit  about  3-3  cs  long  which  sattlas  to  tha  bad  aa 
transition  ripplaa. 

Insan  at  al  (1966)  auggaat  an  analog  batwaan  thia 
visual  saquanca  of  granular-fluid  avants  and  tha  aosawhat 
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Figure  1*3.  Photograph  of  aand  burst  ovtr  raanant  ripplaa 
<laft>  and  noraal  carpat-flow  within  tha  boundary  layar 
(right)  Cfroa  Inaan  at  al,  19861.  Tha  burst  is  about  10-15 
ca  thick  and  tha  carpat-flow  about  3  ca  thick. 


bettor  understood  problem  of  fluid  flow  in  boundary  layers 
They  detail  the  conditions  and  sequence  of  events  during 
both  carpet  flow  and  bursting. 


_ Bedload,  suspended  load,  and  total  load 

Conceptually,  sand  transport  consists  of  two 
fundamentally  different  types  of  notion,  bedload  and 
suspended  load.  Bedload  is  a  dense  concentration  of 
aediaent  mixed  with  interstitial  fluid  which  moves  along 
the  bed  within  the  boundary  layer.  Suspended  load  occura 
as  discrete  sand  grains  moving  in  the  fluid  interior  far 
from  the  bed.  Bagnold  <1934)  determined  the  boundary 
between  suspended  and  bedload  to  be  at  a  sediment 
concentration  of  about  0.06  of  total  volume.  The  transport 
physics  for  the  two  modes  are  quite  different,  because  of 
the  greatly  different  sediment  concentrations.  In 
suspension,  the  individual  grains  have  essentially  no 
interaction  with  each  other.  On  the  other  hand,  bedload 
conaiats  of  auch  dense  sediment  concentrations  that  the 
grains  continually  collide  with  each  other  and  move  as  an 
interacting  body  of  aedlment  and  fluid  rather  than  as 
discrete  particles  (Bagnold,  1934;  Hanes  and  Inman,  1985). 
The  bedload  measured  in  this  study  includes  both  the  very 
densely  packed  "granular-fluid"  material  very  close  to  the 
at-rast  bed  described  by  Bagnold  (1934)  and  a  projectile 
type  of  bedload  motion  usually  referred  to  as  "saltation." 


In  thin  study  we  hsvs  msasursd  bsdlosd  transport 
and  will  tsst  bad load  sodala.  Undar  tha  conditions  in  our 
experiments  suspandad  load  was  not  a  significant  transport 
mods.  This  assumption  is  supported  by  thraa  observations 
which  are  described  in  detail  below:  <1)  suspension  was 
not  observed  by  eye  or  camera,  (2)  suspension  outside  the 
surf  zone  has  been  shown  by  other  investigators  to  be  quite 
aaall  cospared  to  bedload  (Fairchild,  1972),  and  (3)  even 
if  suspension  were  present,  it  would  not  be  measured  by  the 
sand-tracer  methods  employed  in  this  study. 

On  those  rare  occasions  when  suspension  wss 
visually  observed,  we  purposely  did  not  do  an  experiment. 
Significant  suspension  was  observed  to  occur  under  two 
types  of  conditions,  storms  and  large  rip  currents. 

Because  of  these  imposed  restrictions  on  experimental 
conditions,  the  transports  measured  here  are  not 
representative  of  the  highest  transport  rates  during  storms 
or  the  lowest  rates  in  a  vortex  ripple  field.  Rather  than 
describe  the  entire  range  of  transports  outside  the  surf 
zone,  our  purpose  was  to  measure  bedload  in  carpet-flow 
conditions  in  order  to  test  bed load  models. 

The  moat  extensive  measurements  of  suspended 
sediment  transport  outside  the  surf  zone  appear  to  be  those 
of  Fairchild  (1972).  He  found  concentrations  by  weight  of 
suspended  sediment  several  meters  outside  the  surf  zone  to 


be  about  0.00003  for  half-metar  maan  wave  heights.  We  can 


convert  this  concentration  to  a  transport  rate  and  then 
coapere  It  with  transport  rates  aeaaured  in  our  experiaenta 
to  deteralne  the  significance  of  the  suspended  component  of 
transport.  We  first  convert  Fairchild's  weight 
concentration  of  0.00003  to  a  volume  concentration  of 
0.000011  and  then  use  the  equation  which  converts  volume 
concentrations  to  immeraed-weight  transport  i  (Crickmore 
and  Lean,  1962b): 

i  ■  (»«-/>)  g  N  U  Z  <1.4) 

where  N  is  the  volume  concentration  of  sediment,  U  the 
crosshore  velocity  of  the  sediment  (and  also  of  the  fluid 
in  the  case  of  suspension) ,  and  Z  the  vertical  distance 
over  which  the  concentration  was  measured.  Using 
Fairchild's  concentration  N  over  his  Z»10  cm  and  the 
crosshore  drift  velocities  in  our  transport  experiments 
<0.3  to  6.S  cm/a)  in  Equation  (1.4),  we  obtain  a  range  of 
auapended  transports  of  0.05  to  1.5  dynes/ (cm-s) .  The 
crosshore  transports  measured  in  our  experiments  ranged 
from  2.4  to  344.6  with  a  mean  of  31.7  dynes/ <cm~s) .  Under 
these  assumptions,  the  suspended  component  is  clearly  a 
very  email  part  of  the  measured  transport. 

Our  final  argument  in  excluding  suspension  from  our 
experiments  is  the  fact  that  even  if  significant  suspension 
were  present,  it  would  not  be  measured  by  the  methods  used 
in  our  experiments.  We  injected  dyed  sand  into  the  bad  and 
monitored  the  motion  of  the  tracer  centroid  with  a  grid  of 
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cor*  M«pl«s.  Soaa  argue  that,  tracer  gralna  may  become 
auapended  and  than  drop  back  to  the  bad  prior  to  aempling 
of  the  bad ,  thua  dlatorting  the  aatimata  of  the 
tracer-centroid  location.  White  and  Inman  <1967b>  provide 
aeveral  argumenta  aupporting  the  concluaion  that  davicaa 
which  aample  the  mend  bed  will  meaaure  bedload  and  not 
auapended  load.  The  moat  baaic  argument  atatea  that 
althought  auapended  concentrationa  are  low,  auapenaion 
velocitiea  are  about  two  ordara  of  magnitude  larger  than 
bedload  velocitiea.  Thua  auapended  tracer  gralna  will 
continuoualy  move  out  of  the  aempling  grid. 

White  and  Inman  <1987b>  uae  the  dimenaiona  of  their 
aurf  zone  aempling  grid  to  demonatrate  that  any  tracer 
grain  that  apanda  more  than  10*  of  ita  time  in  auapenaion 
will  not  be  aamplad  in  their  grid  of  bed  aaaplea.  The  aama 
calculations  for  the  sampling  grid  in  our  experiments 
outside  the  surf  zone  show  that  graina  which  apend  more 
than  7*  of  their  time  in  auapenaion  will  move  out  of  the 
grid  before  the  first  sat  of  samples  ia  taken.  The  cutoff 
percent  for  later  seta  of  aaaplea  ia  even  lower. 

From  the  numbera  praaentad  above  in  the  application 
of  Equation  <1.4)  wa  conclude  that  in  our  experiments 
auapended  transport  was  only  about  1*  of  the  bedload 
transport.  In  a  caaa  auch  as  this  it  may  than  be  argued 
that  a  measure  of  badload  ia  also  a  good  measure  of  total 
transport,  the  aum  of  auapended  and  badload  transports. 
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Sine*  wa  will  ba  tasting  bsdlosd  modal •  In  this  study,  tha 
quaatlon  of  whathar  our  aaaauraaanta  ara  aatiaataa  of  total 
load  la  moot.  Mavarthalaaa,  thara  la  aoaa  gaologlcal  and 
anglnaarlng  lntaraat  In  tha  total  eroaahora  transport  ratas 
which  may  ba  axpactad  outalda  tha  aurf  zona.  For  thoaa 
Intaraatad  In  auch  numbara,  wa  aubalt  that  our  aaaauraaanta 
aay  ba  conaldarad  althar  badload  or  total  load,  alnca  tha 
auapandad  coaponant  la  ao  aaall. 


2.  THEORETICAL  CONSIDERATIONS 
2.1  Trtctr  thaorv 

Monitoring  tha  notion  of  dynd  sand  in  ordar  to 
datarnlna  tha  notion  of  ln-altu  nand  haa  baan  a  nathod  uaad 
alnca  tha  19S0'a  (Inaan  and  Chaabarlain,  1959) .  Such  a 
nathod  antalla  two  baalc  aaaunptiona:  that  tha  dyad  aand 
bahavaa  in  tha  aana  nannar  aa  tha  natural  aand  and  that  tha 
dyad  aand' a  notion  can  ba  adaquataly  nonitorad.  Mathoda  of 
avaluating  thaaa  two  aaaunptiona  will  ba  datallad  hara. 

Tha  axtant  to  which  our  axparinanta  fulfillad  thaaa  two 
critarion  will  ba  axaninad  in  Saction  4. 

Sand  tranaport  will  ba  axpraaaad  in  tarna  of 
innaraad  waight  of  aand  par  unit  width  and  unit  tina.  Tha 
tarn  “innaraad"  maana  that  wa  will  ba  ualng  tha  affactiva 
waight.  tha  dry  waight  of  tha  aand  ninua  lta  buoyancy  in 
watar.  Whan  wa  apaak  of  croaahora  tranaport.  it  will  ba 
notion  acroaa  a  unit  width  longahora.  Longahora  tranaport 
will  ba  acroaa  a  unit  width  croaahora.  Tha  datarnination 
of  tha  two  tranaport  quantltiaa.  naaa  and  valocity.  can  ba 
acconpllahad  by  naaauring  two  quantltiaa  known  aa  tranaport 
valocity.  U.  and  tranaport  thicknaaa.  Z0.  Tha  propar 
aquation  waa  firat  axpraaaad  by  Crlcknora  and  Laan  (1962b): 

-a  a 

1  *  g  Ng  U  Z0  (2.1) 

whara  N0  ia  tha  voluna  concantratlon  of  aadinant  within  tha 
aand  bad.  aqual  to  ona  ninua  tha  poroaity.  For  typical 


wava-drivan  quartz  baach  aand  it  varlaa  fron  about  0.50  to 
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0.65.  Six  sand  aaaplaa  from  our  axpartaanta  war a  axaainad 


for  thalr  aollda  concantratlon  uaing  a  vacuum  pump.  N0  warn 


found  to  ba  0.60  with  a  atandard  daviation  of  0.02. 


In  principal  tha  aathod  of  datarainlng  tha  aand'a 


valocity  la  quita  aimpla:  tha  diatanca  aovad  by  tha  mama 


cantroid  of  tracar  ia  dividad  by  tha  tima  batwaan  injaction 


and  aampling.  Data  conaiat  of  a  nuabar  of  diacrata  aaaplaa 


of  tha  bad  which  yiald  aaaauraa  of  tha  tracar  concantration 


at  thoaa  pointa. 


Tha  aannar  in  which  thaaa  diacrata  concantrationa 


ara  tranalatad  into  aand  vaiocitiaa  dapanda  on  tha  typa  of 


aaapllng  grid.  Thare  ara  two  baaic  typaa.  Tha  aoat  common 


aathod  haa  baan  rafarrad  to  am  "spatial  intagration 


aathod."  "spatial  grid."  or  "Lagrangian . "  It  conaiata  of  a 


aaapllng  grid  apraad  ovar  all  thraa  apatlal  coordlnataa  but 


which  ia  aaaplad  at  ona  point  in  tlaa.  Each  of  tha 


diacrata  aaapla  concantrationa  ia  firat  vartically 


intagratad  within  tha  bad  to  obtain  a  aat  of  concantrationa 


N<x.y.t')  at  aach  aaapllng  tiaa  t' .  Tha  concantrationa  ara 


than  uaad  to  obtain  tha  valocity  in  tha  x-diraction 


(Crickaora  and  Laan.  1962a): 


E  N<x,y,t'> 


U(t')  ■ 


<2. 2) 
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Tha  vtloeltiM  obtainad  ara  aaaauraa  of  tha  avaraga  sand 


valocity  batwaan  tha  tiaa  of  t raear  injactlon  <t  *  0)  and 
tha  tiaa  of  sampling,  t' . 

Whan  ualng  Equation  (2.2)  cara  auat  ba  takan  to 
justify  tha  inharant  aaauaptiona  of  apatial  uniformity. 

Whan  coaputing  tha  onahora  <x-diraction>  valocity  U(t'),  it 
ia  aaauaad  that  tranaport  ia  unifora  in  tha  longahora 
(y-dlractlon)  within  tha  aaapling  grid.  No  topographical 
variations  wara  obaarvad  within  tha  2  to  4.5  aatar 
longahora  axtant  of  our  grids,  and  wa  concluda  that 
longahora  uniformity  ia  not  a  problaa. 

For  grids  uaad  in  pravioua  tracar  studiaa,  tha 
condition  of  apatial  uniformity  was  oftan  not  mat.  Ovar 
tha  past  20  yaars,  aoat  tracar  studiaa  attanptad  to  aaasura 
total  longahora  tranaport  within  tha  surf  zona.  Sand 
tracar  waa  in jac tad  on  a  lina  across  tha  surf  zona. 

Sampling  than  occurrad  throughout  tha  surf  zona,  both 
longahora  and  croaahora,  at  approximataly  ona  point  in 
tima.  Tha  longahora  analog  of  Equation  (2.2)  was  than 
appllad : 

E  N(x,y,t'>  v 

V(t'>  «  x.v _ t*  <2. 3) 

E  N<x,y,t' ) 
x,  y 

In  pravioua  tracar  studiaa  (Komar,  1969;  Inman  at  al,  1960; 
Kraua,  Farinato,  and  Horlkawa,  1981)  it  waa  aithar  asaumad 
that  thara  waa  no  variation  in  tha  croaahora  (x-diraction) 
or  that  auch  variation  could  ba  naglactad.  Howavar,  if 


either  V(t')  or  the  cro«ahora  sample  spacing  Ax  war a 


strongly  functions  of  x,  than  tha  assumption  of  croashora 
uniformity  breaks  down,  and  Equation  (2.3)  bacomea  invalid. 
In  such  a  situation,  tha  longshora  transport  valocity  must 
first  ba  computad  at  aach  croashora  location  (Whita  and 
Inman,  1967a) . 

Providad  thara  is  longshora  uniformity  within  tha 
sampling  grid.  Equation  (2.2)  providas  a  Lagrangian  maaaura 
of  tha  croashora  sand  valocity.  Thara  is  no  naad  to  aaauma 
croashora  uniformity  within  tha  grid  in  ordar  to  obtain 
this  valocity.  Howavar,  if  this  Lagrangian  maaaura  is  to 
ba  combinad  or  usad  in  conjunction  with  othar  Eularian 
quantitias,  than  wa  must  furthar  aaauma  croashora 
uniformity  within  tha  grid.  In  fact,  this  is  what  has  baan 
dona  in  our  aat  of  axparimants,  bacausa  tha  maasuras  of 
wavas  and  currants  wars  obtainad  with  Eularian  instrumanta 
(currant  matara  and  praasura  sansors  fixad  at  assantially 
ona  point  in  apaca) .  Whan  wa  taat  badload  transport 
modals,  wa  will  ba  using  thaaa  Eularian  currant 
maaauramanta  as  inputs  in  tha  modals  and  than  compara  tha 
astimatad  transport  with  our  Lagrangian  sand  transports. 

To  justify  this,  wa  must  aaauma  spatial  uniformity  in  tha 
croashora  direction  throughout  tha  sampling  grid.  This  is 
a  much  mors  raatrictiva  assumption  than  tha  previously 
outlined  ona  of  longshora  uniformity,  for  tha  simple  reason 
that  wavas,  currants,  and  topography  ara  observed  to  vary 
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on  uaUtr  tcaltt  in  the  croaahor#  direction. 

Nevertheless,  the  croaahora  extant  of  our  sampling  grid 
<6-8  aatara)  ia  still  quits  small  compared  to  tha  seals  on 
which  significant  croaahora  variations  in  wavas,  currants, 
and  topography  occur.  Cara  was  takan  to  placa  tha  antira 
sampling  grid  outsida  tha  ragion  of  wavs  braaking.  In  no 
casa  wars  diffarant  topographical  faaturas  avar  obsarvad  at 
tha  two  croaahora  ands  of  tha  sampling  grid. 

Tha  othar  typa  of  possibla  tracar  sampling  grid  is 
known  as  "time  intagration  mathod,"  “tamporal  grid,"  or 
"Eularian."  In  such  a  grid  tha  sampling  is  spraad  in  tima 
but  occurs  at  ona  croaahora  location.  Such  grids  wars  not 
attamptad  in  this  study  bacausa  thay  raquira  tamporal 
uniformity  during  sampling.  Tha  raquiramant  of  tamporal 
uniformity  in  an  Eularian  grid  was  judged  to  ba  a  much  mora 
difficult  criterion  to  mast  than  tha  spatial  uniformity 
raquiramant  of  a  Lagrangian  grid.  Tha  appropriate 
aquations,  assumptions,  and  limitations  of  Eularian  grids 
are  detailed  in  White  and  Inman  <1987a>. 

2.1.2 _ Transport  thickness 

A  knowledge  of  tha  transport  velocity  is  not 
sufficient  to  determine  transport  rates.  Tha  velocity  must 
ba  multiplied  by  tha  mass  of  sediment  in  motion  as 
indicated  in  Equation  (2.1).  This  mass  is  tha  product  of 
tha  thickness  Z0  and  tha  concentration  of  sediment  N0« 


From  conservation  of  sediment  ■•••,  wo  know  thot  tho 
product  of  concentration  and  thickneaa  will  yield  the  aeae 
value,  regardless  of  whether  the  aeaaureaenta  are  taken 
while  aand  ia  moving  or  at  reat.  In  practice,  it  ia  far 
easier  to  measure  both  concentration  and  thickneaa  at  reat. 
The  vertical  concentration  profiles  of  tracer  within  the 
sediment  cores  provide  a  record  of  the  active  send  layer. 
However,  these  vertical  profiles  must  be  made  to  yield  a 
single  objective  estimate  of  the  transport  thickneaa. 
Various  statistical  estimators  can  be  applied  to  the 
vertical  concentration  profile.  The  thickneaa  estimates 
from  all  the  core  samples  can  then  be  averaged  to  yield  a 
single  estimate  of  average  thickneaa  during  the  experiment. 
We  will  now  proceed  to  examine  the  various  statistical 
estimators  of  this  transport  thickneaa.  The  reader  may 
wish  to  refer  to  Figure  (4-1)  in  the  results  chapter,  which 
lists  all  of  the  following  eaiaatora  and  comperes  their 
behavior . 

Estimates  of  this  thickness  have  progressed  from 
simply  observing  the  depth  of  penetration  of  tracer  within 
the  core  sample  (King,  1951;  Inman  and  Chamberlain,  1959; 
Komar,  1969>  to  objective  semi -empirical  estimators. 
Crlckmore  (1967)  first  applied  an  objective  estimator  of 
this  thickness.  His  estimator  gave  realistic  results  only 
for  vertical  concentration  profiles  in  which  there  is  no 
increase  of  concentration  with  depth  in  the  bed.  After 


modifying  the  concentrations  in  those  horizontal  slices  of 
bed  core  samples,  such  that  a  given  alice  would  have  a 
concentration  no  aaaller  than  the  layer  immediately  below 
it  (hereafter  referred  to  as  the  "Crickmore  profile*'),  the 
following  estimator  of  transport  thickness  was  applied: 

E  N(z)  bz(z) 

20  -  _  <2. 4) 

Nmax 

where  the  summation  is  in  the  vertical,  Az  is  the  vertical 
thickness  of  the  horizontal  alice,  and  MMax  i»  the  maximum 
tracer  concentration  in  the  core.  Although  Crickmore 
applied  this  method  to  transport  in  rivers,  Gsughan  (1978) 
later  used  this  estimator  in  surf  zone  studies  and  found 
the  desired  result  of  relative  uniformity  of  Z0  in  time  and 
space.  The  standard  deviation  of  Z0  was  equal  to  42x  of 
the  mean  in  his  fall/winter  studies,  106x  of  the  mean  in 
his  sprlng/summer  studies,  and  56*  of  the  mean  in  our  study 
(Figure  4-1).  We  confirmed  Crickmore's  observation  that 
this  equation  yields  realistic  results  only  if  applied  to 
the  "Crickmore  profile."  (When  applied  to  the  original 
profile.  Equation  (2.4)  often  yields  values  of  Z0  far  lass 
than  the  observed  location  in  z  of  the  preponderance  of 
tracer.)  We  also  attempted  a  modification  of  Equation 
(2.4)  by  substituting  the  average  concentration  in  place  of 
the  maximum  concentration  in  the  denominator,  but  found 
this  often  yielded  values  of  Z0  far  exceeding  any 


penetration  of  tracer 
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Observing  tha  dapth  of  Rtxiiui  trocar  panatration 
(King,  1951)  ovaraatimataa  ZQ ■  Whan  a  cora  tuba  la  praaaad 
into  a  aand  bad,  aoaa  tracar  can  ba  carriad  down  tha  aidaa 
of  tha  tuba  and  latar  ba  countad  at  a  graatar  dapth  than 
ita  in-aitu  dapth.  Wa  baliava  that  wa  hava  naarly 
aliainatad  thia  problaa  by  raaoving  tha  outar  layar  of  cora 
aaaplaa  bafora  dataraining  tracar  concantration.  Saapling 
axpariaanta  hava  confiraad  that  aora  than  96x  of  tha  daaply 
panatrating  tracar  04  ca  daap)  haa  baan  raaovad  froa  tha 
coraa  by  raaoving  tha  outar  3  aa  annulua.  Howavar,  a  faw 
dyad  aand  graina  ara  atill  praaant  at  graatar  than  in-aitu 
daptha.  If  tha  aaxiaua-panatration  aatiaator  of  Z0  ia 
uaad,  thaaa  graina  would  coaplataly  dataraina  ZQ .  Wa 
tharafora  appliad  an  aatiaator  which  aguatad  Z0  to  tha 
aaxiaua  panatration  of  a  concantration  of  1.0  dyad  graina 
par  graa  of  aand  (Inaan  at  al,  1960),  in  an  attaapt  to 
allainata  thia  problaa.  In  analyaia  of  our  data,  wa  hava 
coaparad  thia  aatiaator,  a  0.5  graina/graa  panatration 
aatiaator,  and  tha  aaxiaua-panatration  aatiaator. 

Kraua,  Farinato,  and  Horikawa  (1961)  appliad  an 
aatiaator  which  aat  ZQ  aqual  to  a  dapth  of  panatration  of  a 
cartain  parcantaga  of  tha  total  aaount  of  tracar  found  in 
tha  cora.  Thia  aalaction  waa  aotivatad  by  tha  obaarvation 
that  aoat  of  tha  tracar  appaara  in  tha  top  faw  cantiaatara 
of  tha  cora.  Thay  plottad  avaraga  Z0  from  aavaral  coraa 
varaua  tha  par cant  cutoff  uaad  to  aatimata  it.  Tha  curva 
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waa  found  to  dapart  fro*  linaarity  botwoon  60  and  90* 
cutoff*.  Thoir  prafarrad  aatiaator  waa  tha  60*  cutoff.  In 
ordor  to  obaarva  and  coapara  tha  bahavlor  of  thia  typa  of 
aatiaator  with  othar  aathoda,  wa  coaputad  80  and  90*  tracar 
cutoff  aatiaataa  of  Z0* 

Anothar  objactiva  aatlaata  of  Zo  waa  uaad  by  Inaan 
at  al  <1960).  Thia  aatiaator  waa  baaad  on  tha  fact  that  a 
coaplataly  unif ora-with-dapth  diatribution  of  tracar.  which 
abruptly  dacaya  to  zaro  at  a  cartain  dapth,  could  ba  judgad 
to  hava  a  tranaport  thicknaaa  aqual  to  that  dacay  dapth. 

Tha  davalopad  aatiaator  yialda  parfact  raaulta  for  auch  a 
coaplataly  unifora  vartical  tracar  diatribution.  Thia 
aatiaator  ia  axpraaaad  an: 

£  N(z)  z 

Z0  *  2  z _  (2.5) 

£  N(z) 
z 

whara  tha  aua  ia  takan  vartically  ovar  tha  antira  cor*,  and 
z  ia  tha  dapth  of  tha  aidpoint  of  aach  cora  allca. 

Equation  (2.5)  axhiblta  axtraaaly  abarrant  bahavior  in  tha 
caaa  of  a  "buriad"  profila.  For  axaapla,  conaidar  tha 
buriad  concantration  profila  which  haa  tha  valua  zaro  to  a 
dapth  z»d,  N '  batwaan  z»d  and  za2d,  and  zaro  avarywhara 
balow.  Equation  (2.5)  appliad  to  auch  a  profila  yialda  Z0 
*  4d,  an  obvioualy  unraaliatic  anawar.  In  ordar  to  aolva 
thia  problaa,  wa  fir at  changad  tha  concantration  profila  to 
a  "Crickaora  profila**  and  than  appliad  (2.5).  Of  couraa. 


with  thia  aathod  (2.5)  will  ylald  tha  aaaa  anawar  for  both 


uniform  and  bur i ad  profiles.  For  comparison,  tha 
axpariaantal  data  warm  uaad  to  computa  Z0  from  (2.5)  using 
both  tha  original  and  “Crickmora"  vartical  concantration 
prof ilaa. 

2.1.3 _ Tracar  raco vary 

Ona  of  tha  two  basic  assumptions  in  tracar  mathoda 
adaquata  monitoring  of  tha  tracar,  may  ba  taatad  by 
balancing  tha  budgat  of  tracar.  If  tha  sampling  can 
account  for  moat  of  tha  tracar,  than  tha  sat  of  sand  eoraa 
is  conaidarad  to  ba  a  good  sampling  of  tha  tracar 
distribution.  Tha  tracar  in  aach  cora  aampla  rapraaanta 
tha  concantration  of  tracar  in  a  raetangular  araa 
surrounding  tha  aampla,  tha  boundarias  of  tha  ractangla 
lying  midway  batwaan  aampla  points.  This  mathod  of 
accounting  for  tha  amount  of  tracar  racovarad  was  firat 
uaad  by  Inman  and  Chambarlain  (1959)  and  has  ainca  baan 
uaad  in  many  tracar  atudlaa  (Inman,  Komar,  and  Bowan,  1966 
Komar,  1969;  Komar  and  Inman,  1970;  Inman  at  al,  1960; 
Kraus  at  al,  1962;  Whits  and  Inman,  1987a).  Howavar,  soma 
tracar  atudiaa  ara  still  parformad  without  this  chack  on 
tha  quality  of  tha  axparimant  (Rusaal,  1960;  Ranca,  1963; 
Ingla,  1966;  Murray,  1967;  Murray,  1969;  Millar  and  Komar, 
1979;  Ouana  and  Jamas,  1980) . 

In  our  axparimanta  wa  uaad  a  "spatial*'  or 


"Lagrangian"  sampling  grid,  consisting  of  aampla  points 


distributed  along  lines  in  both  x  (croashore)  and  y 
(longshore)  directions,  ssapled  st  one  point  in  tine.  To 
determine  the  total  mass,  M ,  of  tracer  recovered  in  the 


ssapling  grid,  we  vertically  sun  the  total  nunber  of  tracer 
grains  in  each  core  aaaple.  Then  each  N(x,y>  is  multiplied 
by  the  ratio  of  the  representative  rectangular  area.  Ax  Ay , 
to  the  core  area,  »r2j 

M  »  1  E  E  CE  N (x, y ,z) 3  Ax(x)  Ay(y)  (2.6) 

F  «r2  x  y  z 

where  F  la  the  nunber  of  dyed  grains  per  unit  naaa  in  the 
tracer  sand,  r  ia  the  radius  of  the  core  tube,  and  N(x,y,z) 
is  in  units  of  grains.  This  naaa  M  of  tracer  recovered  ia 
then  conpared  to  the  anount  injected  to  determine  the 
fraction  of  tracer  recovered. 

The  tracer  recoveries  for  all  our  (Lagranglan) 
grids  were  computed  and  are  listed  in  Section  4.3.  Methods 
of  eatinating  recoveries  for  Eulerian  grids  nay  be  found  in 
White  and  Znaan  (1987a). 

MDMlXMAA 

A  word  of  caution  regarding  dinanalonal  analysis 
and  all  bedload  models  in  this  atudy  ia  appropriate.  All 
the  variables  considered  are  nacroacopic  quantities  which 
ignore  the  detailed  kinematics  of  the  boundary  layer.  It 
may  be  that  the  moat  complete  transport  modal  must  contain 
detailed  phyaica  relating  nacroacopic  quantitiea  to 
boundary- layer  variatlona,  which  in  turn  relate  to  the 


MdiMnt  transport.  This  study  sttsspts  to  judge  ths 
rslstlvs  offset ivsnsss  of  various  aodsls  which  ignors  ths 
poorly  understood  boundsry-lsysr  mechanics.  Future 
progress  in  understanding  ths  kinsastics  say  result  in 
rejection  of  ell  sscroscopic  aodsls  used  today. 

Ths  technique  of  dimensional  snslysis  has  ssvsrsl 
limitations.  Ths  appropriate  number  of  dimensional 
variables  necessary  to  describe  s  problem  must  be  decided 
by  other  mesne.  However,  once  the  number  of  dimensional 
verieblee  is  selected,  dimensional  analysis  determines  the 
correct  number  of  dimensionless  variables  to  be  formed  from 
the  original  set  of  verieblee.  Furthermore,  there  is  no 
uniqueness  in  variable  selection.  Dimensional  enelyeie 
will  not  suggest  which  verieblee  to  choose  from  the 
original  list,  nor  will  the  resulting  dimensionless 
variables  be  unique. 

There  ere  many  different  mathematical  models  of 
sediment  transport  with  many  different  functional  forme, 
but  many  investigators  agree  that  the  appropriate  number  of 
mecroecoplc  variables  describing  transport  ia  seven  (i.e., 
Valin,  1972;  Dingier,  1974;  Sleath,  1978).  Valin  <1972) 
presents  e  series  of  arguments  demonstrating  that  each  of 
several  additional  variables  can  be  expressed  in  terms  of 
the  seven  verieblee  he  choae.  However,  the  choice  of  aeven 
variables  from  a  list  of  fluid  and  sediment  quantities  ia 
not  unique.  When  developing  and  examining  various  models. 


wa  will  rafar  to  Yalin's  cholca  of  savan  variable.  This 


will  allow  us  to  dstsrains  which  transport  aodala  hava  too 
faw  variablaa  (undardatarainad)  and  which  aodala  hava  so 
many  variablaa  that  thara  is  radundancy  (ovardatarainad) . 
Undardatarainad  aodala  may  work  wall  for  tha  apacific 
situation  for  which  tha  aodal  was  daaignad  but  not  apply 
wall  to  aora  ganaral  situations.  Ovardatarainad  aodala  aay 
ba  iapoaaibla  to  truly  taat  bacauaa  functional  variation  in 
ona  variabla  aay  appaar  aa  varianca  in  anothar  ralatad 
variabla. 

Diaanaional  analysis  will  laad  to  a  transport 
ralation  consisting  of  diaanaionlaaa  groupings  of 
variablaa,  which  aay  in  itaalf  ba  conaidarad  a  transport 
aodal.  In  fact,  such  a  diaanaionlaaa  aodal  ia  vary  wall 
auitad  to  tasting  with  aapirical  transport  data,  such  aa 
froa  this  study.  In  addition  to  using  diaanaional  analysis 
to  coapara  othar  aodala,  wa  will  usa  our  aapirical  data  to 
taat  a  modal  arrivad  at  aolaly  by  aaana  of  diaanaional 
analysis . 

Tha  basis  of  diaanaional  analysis  is  tha  Buckingham 
Pi  Thaoraa,  postulatad  in  1914.  A  coaplata  proof  aay  ba 
found  in  Langhaar  (1951).  Tha  two  raquiraaanta  for  corract 
application  of  tha  thaoraa  ara  that  all  tha  poaaibla 
variablaa  in  tha  problaa  must  ba  known  and  that  ona  must 
not  includa  othar  variablaa  which  ara  functions  of  thoaa 


alraady  liatad.  Application  of  tha  thaoraa  raaulta  in  a 
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aat  of  indapandant  diaanaionlaaa  variables  which  coaplataly 
datarainaa  tha  problaa.  Tha  aat  obtainad  ia  not  uniqua, 
but  avary  othar  poaalbla  aat  of  diaansionlaaa  variablaa  ia 
a  product  of  powara  of  tha  variablaa  obtainad.  Tha  thaoraa 
ia  appliad  by  atating  tha  dapandant  variabla,  IT,  aa  a 
function  of  N*n-d  diaanaionlaaa  variablaa,  Xfc,  whara  n*tha 
nuabar  of  diaanaional  variablaa  in  tha  problaa,  and  d*tha 
nuabar  of  phyaical  diaanaiona  in  tha  problaa: 

Jt»  f<Xi,  X2#  X3,...,  Xm>  <2. 7) 

Nota  that  in  addition  to  foraing  diaanaionlaaa  groupa  which 
ara  convaniant  to  taat,  tha  thaoraa  haa  tha  advantaga  of 
raducing  tha  nuabar  of  variablaa  in  tha  problaa  by  d.  Thia 
raduction  in  variablaa  ia  accoapliahad  by  aolving  tha  N 
hoaoganaity  aquationa,  which  provida  that  tha  diaanaiona  of 
tha  original  diaanaional  variablaa,  a^,  add  up  in  a  way 
auch  that  tha  X  variablaa  ara  diaanaionlaaa.  Tha 
hoaoganaity  aquationa  ara: 
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Tha  X'a  abova  ara  tha  raaulting  indapandant  variablaa, 
wharaaa  tha  dapandant  diaanaionlaaa  variabla  haa  tha  fora 
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In  ths  abova  analysis  ths  a ' s  ars  ths  poatulatad 
dlssnalonal  variables,  ths  X ' s  ars  ths  diasnaionlsaa 
variablss  obtainsd  In  ths  analysis*  ths  subscriptsd  Grssk 
lsttsrs  ars  ths  sxponsnts  obtainsd  in  ths  analysis*  and  ths 
unsubscriptsd  Grssk  sxponsnts  in  Equation  (2.9)  ars  unknown 
sxponsnts  (to  bs  dstsrainsd  fro*  sxpsriasntal  data). 

Wa  now  procssd  to  apply  ths  abovs  gsnsral  analysis 
to  ths  probls*  of  ssdiasnt  transport  in  oscillatory  flow. 
Although  ths  numbsr  of  dlffsrsnt  variablss  for  such  a 
probls*  is  potsntially  sndlsss  bscausa  aany  variablss  ars 
functions  of  sach  othsr*  it  is  gsnsrally  rscognizsd  that 
thsrs  ars  ssvsn  indspsndsnt  diaanaional  variablss  for  this 
probls*  (Yalin,  1972;  Dinglsr*  1974;  Slssth*  1978).  Ths 
Buckingha*  Pi  Thsors*  allows  us  to  sslsct  which  ssvsn 
variablss  to  uss*  as  long  as  thsy  ars  indspsndsnt.  Ths 
following  sslsction  of  variablss  will  rssult  in  a  sst  of 

di*anaionlaaa  variablss  which  is  wall  known  and  physically 

\ 

aaaningful.  Ths  dlssnalonal  variablss  consist  of  static 
fluid  paraastsrs  ( v*  ths  kina*atic  viscosity*  and  >»*  ths 
fluid  danaity),  static  aadiaant  paraastsrs  (0*  ths  aadian 
grain  dlaaatar*  and  />« *  ths  ssdiasnt  danaity)*  and  dyna*ic 
flow  paraastsra  (u(t),  ths  flow  vslocity*  d0»  ths  wavs 
orbital  dia*star*  and  g*  ths  accslsration  of  gravity) .  For 
notational  convsnisncs*  wa  will  aubstituts  for  gravity  ths 
factor  which  convsrta  aolids  voluas  to  iaasrasd  wsight, 

-r*«g .  Thia  ia  dons  bacauas  in  aadiaant  transport 


mechanics,  g  always  appears  in  conjunction  with  < />»-/>)  . 
Finally,  we  select  aediaent  transport,  i,  as  the  dependent 
variable. 

Other  variables  could  have  been  chosen,  which  the 
examination  of  other  aodela  illustrates.  For  exaaple,  the 
orbital  diaaeter  could  easily  ba  replaced  by  the  wave 
period.  Soaa  aodela  include  the  angle  of  internal  friction 
in  the  aediaent  instead  of  grain  size  (Bagnold,  1963; 
Ballard  and  Inaan,  1961).  Bagnold'a  (1963)  model  also 
includes  beach  slope,  a  friction  factor,  and  an 
"efficisncy"  factor  inataad  of  viscosity,  aediaent  density, 
and  orbital  diaaeter.  Yalin  (1972,  Section  3.5)  examines 
this  flexibility  of  'hoicea  in  detail.  In  particular,  he 
ahowa  how  gravity,  friction  factors,  slope,  and  the  flow 
depth  may  be  interchanged  for  studies  of  unidirectional 
flow.  However,  the  relation  between  beach  slope  and  the 
other  variables  is  not  as  well  understood  for  oscillatory 
flow.  Thus  we  choose  not  to  select  beach  slope  in  our 
analysis.  Many  investigators  chooaa  to  select  only  the 
peak  velocity,  un,  and  lgnora  taaporal  variation.  Such  a 
variable  is  not  independent  of  the  ones  we  have  selected, 
since  it  is  a  simple  function  of  u<t>  and  d0  for  linear 
waves.  Us  selected  u(t)  because  it  is  more  accurately 
obtained  from  our  measurements . 

The  only  macroscopic  variable  which  is  independent 
of  the  above  selections,  and  which  we  deliberately  choose 


to  ignore  for  tho  moment,  la  tho  tranavorao  fluid  velocity. 
The  variable  u  aelected  above  la  the  fluid  velocity  in  the 
direction  of  tranaport  (croaahore  for  our  data  aet> .  But 
it  haa  been  auggeated  that  the  tranaverae  velocity,  v ,  may 
play  a  role  in  aediaent  tranaport  by  contributing  to  the 
effective  bottom  atraaa  (Bailard  and  Inman,  1981; 

Kobayaahi,  1962).  In  our  data  aet  v  waa  generally  not 
important,  becauaa  tha  onahora  grid  oriantatlon  waa  aet  up 
to  agree  with  the  direction  of  wave  approach  and  other 
contributiona  to  longahora  velocity  were  email.  Thia  ia 
uaually  not  true  in  the  aurf  zone. 

We  now  apply  Squat Iona  <2. 8)  to  the  aeven  variablea 
choaen.  In  our  problem,  the  number  of  phyeical  diaenaiona, 
d,  la  three.  Thia  ia  the  caae  for  moat  mechanical 
problema,  aince  there  are  three  baaic  dimeneiona  of  time, 
length,  and  meat  <Hughea  and  Brighton,  1967;  Yalin,  1972). 
Thua  there  are  four  equationa  in  <2. 8) .  That  ia,  N  (4)  ■  n 
<7)  -  d  <3) .  Applying  theae  aquatlona,  and  aolving  for  the 
dimenaionleaa  variablea  X)<  and  their  exponenta,  we  obtain: 

Xi  ■  u  D  ■  R  (grain  Reynold' a  number) 
v 

X2  *  a  u2  m  6'  (modified  wave  Shlelda'  number) 
v*  D 

X3  »  ■  S  (wave  Strouhal  number)  (2.10) 

D 

X4  ■  am.  (apecific  maaa) 

A 

The  dlmenaional  tranaport,  i,  becomaa  nondimanaionalizad 


Substituting  (2.10)  and  (2.11)  into  (2.9),  the  transport 
aquation  can  now  ba  expressed  as: 


•ei  «c2  *c3  *4 

*  »  «eo  R  0'  S  </>//*)  (2.12) 

whara  tha  k's  ara  unknown  and  to  ba  datarainad  aapirically. 

Yalin'a  (1972)  arguaanta  auggaat  that  tha  abova 
aquation  contains  all  tha  aacroacopic  variablaa  nacaaaary 
to  daacriba  aadiaant  transport  in  oscillatory  flow.  In 
addition  to  coaparing  it  with  aach  of  tha  transport  aodala 
to  ba  examined,  wa  will  taat  it  aapirically  with  tha  data 
obtainad  in  this  study. 

2.3  Badload  aodala 

Sand  aovaa  as  badload  in  a  danaa  granular-fluid 
mixture  along  tha  bad.  Tha  raaaon  that  tha  bad  is  tarred  a 
granular-fluid  is  that  badload  violataa  tha  basic 
assumption  aada  in  tha  davalopmant  of  fluid  mechanics,  tha 
continuum  hypothesis:  "tha  macroscopic  behaviour  of  fluids 
is  tha  same  aa  if  they  ware  perfectly  continuous  in 
structure"  (Batchelor,  1967,  p.  4).  In  practice  Newton's 
laws  of  motion  cannot  ba  applied  to  individual  particles 
and  than  integrated  over  tha  aacroacopic  region,  because 
tha  medium  is  not  continuous  but  consists  of  a  complex 
aixtura  of  sand  and  water  of  varying  consistency.  Soma 
badload  models  have  bean  formulatad  which  avoid  tha 


continuum  hypothaaia  by  allowing  tha  voluma  concentration 
of  Mdiatnt  to  ba  an  indapandant  variabla.  Thaaa  continuum 
thaoriaa  (Goodman  and  Cowin ,  1972;  McTigua,  1979;  Paaaman 
at  al,  I960)  poatulata  aavaral  conatrainta  on  tha 
tharmodynamic  bahavior  of  granular-f luid.  Not 
awvorlaingly,  thaaa  modala  all  hava  aavaral  undatarminad 
fraa  paramatara  which  maka  application  and  taating  naarly 
impoaaibla. 

Anothar  typa  of  badload  modal  axaminaa  tha  particla 
intaraction  batwaan  graina  of  aand.  Tha  granular 
colliaiona  tranafar  atraaa  in  a  poatulatad  manner, 
raaulting  in  tha  tranafar  of  forca  within  tha  bad.  Bagnold 
(1954)  firat  maaaurad  tha  momantua  tranafar  and  varifiad 
tha  Coulomb  yiald  ralation  batwaan  normal  and  tangantial 
atraaaaa.  Mora  racant  modala  includa  tha  affact  of 
fluctuating  granular  valocitiaa  on  tha  atraaa  (Ogawa  at  al, 
1980;  Ackarman  and  Shan,  1982;  Savaga  and  Jaffray,  1981; 
Jankina  and  Savaga,  1983) .  Thaaa  modala  hava  fawar  fraa 
oe^tmatara  than  tha  continuum  modala  but  hava  yat  to  ba 
taatad.  Howavar,  certain  aaaumptiona  and  concluaiona  of 
tha  modala  hava  baan  taatad.  Hanaa  and  Inman  (1985) 
varifiad  tha  baaic  Coulomb  yiald  critarion  inharant  in  all 
auch  modala  and  tha  quadratic  atraaa/ahaar-rata 
ralationahip  for  diffarant  aadimant  concantrationa. 

A  third  typa  of  badload  modal  may  ba  tarmad 
"macroacopic  dynamical  modala"  or  "intagratad  box  modala." 


This  is  tha  type  that  will  ba  axaainad  in  this  study.  Thsy 
srs  dynamical  bacauas  thay  ralata  tha  fluid  forcas  to 
sadimant  transport,  but  thay  ignora  tha  datallad 
kinaaatica.  Thay  ara  aacroacopic  in  that  thay  do  not 
attaapt  to  dascriba  what  happans  on  tha  laval  of  tha 
individual  grain  but  considar  only  aaan  macroscopic 
quantities .  Such  models  ignora  tha  detailed  physics  and 
postulate  relations  between  tha  macroscopic  quantities  of 
velocity,  force,  and  atrasa  of  tha  fluid  and  sadimant. 

We  will  classify  each  of  tha  macroscopic  dynamical 
badload  models  by  tha  power  of  tha  fluid  velocity  in  its 
transport  relation.  Each  of  tha  models  to  ba  axaainad  can 
ba  put  into  a  form  stating  that  sadimant  transport,  i,  is 
proportional  to  soma  power  of  tha  measured  fluid  velocity, 
u. 

Thera  ara  alao  other  quantities  which  appear  in  tha 
models,  listed  in  Table  2-1.  Two  models  claim  that  tha 
longahora  currant  haa  aoma  bearing  on  tha  crosshora 
tranaport.  Many  of  tha  models  recognize  tha  need  for  a 
threahold  fluid  velocity,  below  which  tha  sadimant  will  not 
move.  Three  of  tha  models  contain  beach  slope  and  a 
measure  of  internal  friction  in  tha  aadimant,  wharaaa  most 
of  tha  rest  simply  include  grain  size.  All  but  two  of  tha 
models  contain  an  undetermined  coefficient.  Two  of  tha 
models  include  tha  wave  orbital  diameter. 
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Table  2-1.  Variables  uaad  in  badload  aodala 


u3 :  Bagnold,  Bailard  6  Inaan,  Kobayaahi,  Mayer -Pater 

A  Mueller,  Yalin 
u4 :  Halleraeier,  Slaath 

u3 :  Hanaa  &  Bowen 

u&:  Madaan  &  Grant,  Shibayaaa  A  Horikawa 

Other  aoaants:  Einatain 


Valocltlaa: 


u(t):  All  aodala 

v(t):  Ballard  &  Inaan,  Kobayaahi 

ut:  Bagnold,  Bailard  &  Inaan,  Kobayaahi,  Madaan  6 

Grant,  Meyar-Patar  6  Mueller,  Slaath,  Yalin 


J3:  Bagnold,  Ballard  A  Inaan,  Kobayaahi 


*  (internal  angle  of  friction):  Bagnold,  Bailard  & 


I naan ,  Kobay aah i 

D  (aadlan  grain  aize) :  Einatain,  Halleraeier,  Hanaa  & 
Bowan,  Kobayaahi,  Madaan  6  Grant,  Shibayaaa  A 
Horikawa,  Slaath,  Yalin 


c£i  Bagnold,  Ballard  A  Inaan,  Hanaa  A  Bowen, 

Kobayaahi,  Madaan  A  Grant,  Mayar-Peter  A  Mueller, 
Shibayaaa  A  Horikawa 

cd  (drag  coefficient):  Kobayaahi,  Madaan  A  Grant, 
Shibayaaa  A  H.^ikewa 

«b  (efficiency) :  Bagnold,  Bailard  A  Inman 
fl  (friction  A  lift  coefficient):  Sleath 


Penalty: 


/»:  All  aodala 

/>■ :  Einatain,  Halleraeier,  Hanaa  A  Bowan, 

Kobayaahi,  Madaan  A  Grant,  Shibayaaa  A  Horikawa, 
Slaath,  Yalin 


d0:  Halleraeier,  Sleath 
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All  of  the  following  models  will  bs  tested  with  our 
oscillator/  transport  data.  Soma  of  tha  models  ware 
developed  and  Intended  only  for  unidirectional  transport 
conditions,  but  we  will  apply  them  to  oscillatory  flow 
anyway.  Zn  the  search  for  a  good  transport  model,  we  do 
not  wish  to  eliminate  models  simply  because  they  were 
developed  for  unidirectional  flow.  We  will  describe  the 
limitations  of  each  model  in  terms  of  its  application  to 
our  type  of  oscillatory  flow.  However,  we  do  not  suggest 
that  the  developers  of  unidirectional  models  in  any  way 
erred  in  deriving  a  model  which  we  have  extended  beyond  its 
originally  intended  use. 

2.3.1  u3  models 


The  following  models  all  postulate  that  sediment 
transport  is  proportional  to  the  third  power  of  the  fluid 
velocity.  The  first  two  models  (Meyer-Peter  and  Mueller, 
1948;  Yalin,  1963)  were  developed  for  unidirectional  flow. 
Nevertheless,  we  will  be  testing  them  with  our 
oscillatory-flow  transport  data. 


Mever-Petar  &  Mueller's  unidirectional-flow  model  (1948) 

The  Meyer-Peter  and  Mueller  bedload  equation  is  the 
oldest  and  simplest  model  we  will  examine.  It  is  much  more 
widely  used  in  Europe  than  in  this  country,  but  since  it  is 
old  and  familiar,  it  is  still  used  as  a  basis  of  comparison 


whan  tasting  naw  nodal a  (Goud  and  Aubrey,  198S;  Hanaa  and 
Bowen,  1985) . 


This  nodal  wan  davalopad  in  a  aariaa  of  laboratory 
fluna  tantn  on  a  sloping  bad  for  unidiractionsl  flow.  Tha 
rsngas  of  charsctaristics  in  tha  tasts  ara: 

Flow  dapth  1  cn  <  h  <  120  on 

Slopa  0.023  <  8  <  1.15  (2.13) 

Grain  aiza  400  <  D  <  30000  p 

Spacific  gravity  1.25  <  />»  <  4.2 

Tha  abova  condition  which  nost  rastricts  tha  usa  of  thair 
nodal  is  tha  lowar  Unit  on  grain  alza.  Thay  had  faw  data 
points  for  D  <  2000  nicrons  and  no  data  for  grains  snallar 
than  400  p,  wharaas  nost  baach  sand  has  a  sad lan  grain  aiza 
of  about  200  fi.  Bagnold  (1974)  suggests  that  inportant 
changes  in  the  relative  nsgnitudas  of  forcas  (lift  and 
drag)  occur  for  0  >  1000p.  This  nodal  was  navar  intandad 
for  usa  with  snail  grain  sizes  or  in  oscillatory  flow. 

The  transport  aquation  in  dlnenaionlesa  forn  is: 

♦  «  8  <©' -0.047)3/2  (2.14) 

The  nunber  0.047  serves  as  a  threshold  stress,  necessary 
for  the  initiation  of  notion.  Tha  authors  were  apparently 
unaware  of  Shields'  (1938)  work  expressing  the  threshold 
stress  as  a  variable.  Furthermore,  for  tha  large  grain 
sizes  used  in  Heyer-Peter  and  Mueller's  experiments, 
threshold  stress  is  roughly  a  constant.  We  will  now  change 
this  value  to  a  variable  threshold  stress,  as  expreased  by 


Shields.  This  adaptation  extrapolates  the  aodel  to  include 
our  beach-sand  grain  size.  This  is  in  keeping  with  sost 
other  aodern  suthors  who  sake  the  ease  adaptation  when 
applying  the  aodel  (Valin,  1972;  Goud  and  Aubrey,  1985). 

The  dimensionless  and  dimensional  versions  of  (2.14)  then 
become : 

♦  *  8  (©'-©' t>3/2  (2.15> 

i  *  8  /»  (u^-ut .2)3/2 

Before  (2.1S>  can  be  used  in  our  tests  of  oscillatory 
transport,  one  more  modification  must  be  considered. 

Clearly  if  a  time-varying  velocity,  u(t>,  is  inserted  in 
(2.1S>,  transport  will  always  be  positive.  This  was  not  a 
problem  with  the  original  model,  since  it  was  used  only  in 
steady  flow.  Thus  in  testing  (2. IS)  we  will  compute  the 
transport  for  each  time  step,  but  then  multiply  the  result 
by  the  sign  of  the  velocity. 

When  transport  equations  from  steady  flow  are 
applied  to  oscillatory  flow,  it  is  customary  to  include  a 
friction  factor,  cf,  which  in  some  manner  accounts  for  the 
difference  in  the  boundary  layers  between  the  two  flows 
CBagnold  (1963),  Ballard  and  Inman  (1981),  Kobayashi 
(1982),  Sleath  (1978),  and  Madsen  and  Grant  (1976)1. 
Inaerting  a  friction  factor  will  result  in  absolute 
transport  numbers  which  are  much  more  realistic,  but  will 
make  absolutely  no  difference  in  judging  how  well  the  model 
performa.  All  the  tranaport  numbers  will  be  reduced  by 


•bout  two  orders  of  Mgnitudo  by  including  the  friction 
factor*  but  ell  the  numbers  will  be  reduced  in  exsctly  the 
ssse  proportion*  since  the  ssse  friction  fsctor  will  bs 
used  in  sll  experiments.  Including  •  friction  fsctor  in 
<2.19)  results  in  the  following  foris: 

♦  ■  8  <0-8t>3/2  (2.16) 

l-8/o  Cf3^2  'u2-ut2)3/2 

This  is  the  fors  thst  will  be  tested  with  our  dsts. 

The  Meyer -Peter  end  Mueller  model  is 
undsrdetsrminsd.  By  compering  <2.16)  with  our 
dimensionless  trsnsport  model  derived  from  dimensionel 
enelysis  in  Equation  <2.12)*  we  see  thst  <2.16)  hss  omitted 
three  important  psrsmsters:  Reynold's  number*  Strouhsl 
number*  snd  the  rstlo  of  the  densities.  Shields'  number, 

8*  in  <2.16)  msy  be  the  most  important  parameter  in 
sediment  transport*  but  it  is  dearly  not  the  only  one. 
Omission  of  the  Reynold's  number  in  <2.16)  means  that  this 
modal  will  not  perform  well  when  viscous  effects  are 
important  <i.e.*  small  grain  sizes*  since  R  »  uD/v) . 
Omission  of  the  Strouhsl  number  will  result  in  neglecting 
the  possibility  thst  accelerations  as  well  as  velocities 
•re  important.  Omission  of  ths  density  ratio  will  not  be  a 
problem  ••  long  as  ws  restrict  ourselves  to  one  sst  of 
materials  <i.a.,  quartz  sand  in  water)*  but  the  equation 
msy  not  be  considered  applicable  when  applied  to  materials 
with  varying  density  differences. 


Yalln  <1963,  1972)  davalopad  •  transport,  aquation 
baaad  on  avaluating  tha  forcaa  acting  on  an  Individual 
grain  In  ordar  to  dataralna  whan  and  how  far  It  would  aova. 
This  typa  of  notion  occurs  abova  tha  granular-fluid  raglon 
and  la  consldarably  laaa  danaa.  It  la  an  important  part  of 
badload  transport,  but  not  tha  only  part.  Tha  cumulativa 
intaraction  of  danaaly  packad  grains  in  a  granular-fluid, 
first  axaainad  by  Bagnold  (1954),  raaulta  in  tha  grains 
moving  in  a  mannar  which  cannot  ba  axplainad  by  simply 
mumming  up  tha  forcaa  on  tha  individual  grains. 
Navarthalaaa,  many  invaatigatora  hava  davalopad  modala 
baaad  on  motion  of  individual  grains. 

Valin  davalopad  aaparata  axpreaaiona  for  tha  total 
maaa  of  aadiaant  moving  par  unit  araa  of  bad  and  for  tha 
maan  valoclty  of  grain  motion.  Tha  product  of  thaaa  two 
quantitiaa  la  transport.  Tha  dataila  of  dariving  thaaa  two 
quantltiaa  ara  quits  complax  (Yalin,  1972) .  Tha  concapts 
and  assumptions  involvad  in  dariving  tha  valoclty  of 
transport  ara  as  follows.  Both  drag  and  lift  forcaa  on  an 
individual  apharlcal  grain  ara  considarad.  Tha  vartical 
profila  of  horizontal  fluid  valoclty  naar  tha  bad  ia 
aaauaad  to  linaarly  dacraaaa  to  zaro  at  tha  bad.  A 
thraahold  ahaar  atraaa  lika  that  of  Shialda  (1936)  ia 
appliad.  Tha  raaulting  axpraaaion  for  tha  avaraga 
transport  valoclty  la: 
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U/u  •  ci  Cl  -  ln<l  ♦  aa)/<aa)3 


<2. 17) 


whara  ei  !•  aoat  unknown  coaffieiant  to  bo  axpar iaantally 


datarainad,  and: 


( 0-©t )  /  &t 


(2. Id) 


a  *  2. 43  V0't  /  </*/y»)°*4 


Aa  Yalln  adalta,  with  llttla  thaoratlcal  juatlf icatlon  ha 


aaaigna  tha  fora  for  tha  aaaa  In  notion  aa: 


*b'  *  *b  *  C2  ▼a  D  a 


<2. 19) 


whara  a  la  dafinad  In  <2. IS).  Coabinlng  <2.17)  and  (2.19) 


and  doing  aoaa  aanipulation  yialda  tha  dlaanaionlaaa 


tranaport  aquation: 


*  •  0.635  a  V0'  Cl  -  ln<l  ♦  aa)/aa] 


(2.20) 


whara  tha  coafficiant  0.633  ia  tha  product  of  ci  and  C2 


which  Valin  dataralnad  froa  aoaa  axpariaantal  laboratory 


data.  Equationa  <2.18)  and  <2.20)  can  ba  tranaforaad  into 


dlaanalonal  quantitlaa: 


1  *  0.633  va  D  u  <u2-ufc2)  ut."2  Cl  -  0.41  /»*0 - 4 


0)0.5  <u2.u^2)-l  lnCl  ♦  2.45  C'V'a  ut,”* 


<u2-ut-2)  j  j 


<2.21) 


Equation  <2.21)  ia  tha  ona  which  wa  taatad  with  our 


axpariaantal  data.  Yalln  conaidara  tha  caaa  of  u  >>  ut  for 


which  <2.21)  aiapliflaa  to: 


1  ■  0.635  -r*  D  u  ut“2  <u2-ut2) 


<2. 22) 


It  can  ba  aaan  froa  <2.22)  that  Yalin'a  aodal  la  a  u3 


tranaport  aodal  in  tha  Halt  of  atrong  flow.  An  iaportant 


point  to  notica  in  <2.22)  ic  tha  fact  that  it  ia  not 


Y 

Iv.  <• 


iWr 


I*  ■  ,i 

,M  .»■ 

i-  * ,  ■ 


I  4  *■  V 


I  > 


W 

■***<,» 


;-:v> 


poaaibl*  to  oait  tha  concapt  of  threshold  valocity  froa 
Yalin'a  aodal,  avan  whan  flowa  ara  quita  atrong.  Satting 
ut  to  zaro  would  cauaa  < 2.22 >  to  approach  infinity. 

Now  conaldar  tha  liaitatlona  in  applying  Yalin'a 
aodal  to  oacillatory  flow.  For  oacillatory  flow  ralation 
<2.20)  ia  an  undardatarainad  aodal.  Tha  variablaa  oaittad 
ara  viacoaity  and  orbital  diaaatar.  Thua  wa  would  axpact 
thia  aodal  to  ba  inaccurata  in  viacoua  flowa  (vary  aaall 
graina) .  Tha  obaarvad  incraaaa  in  tranaport  with  wava 
pariod  would  alao  ba  lacking  froa  thia  foraulation.  Wa 
alao  auat  kaap  in  nind  tha  aavara  thaoratlcal  liaitation  of 
daacribing  only  Individual  grain  aotion  and  not  tha 
granular-f luid  portion  of  badload. 

gqqpqld  aocjql  <;%3? 

Tha  tranaport  aodal a  that  appaarad  bafora  Bagnold 
(Mayar-Patar  and  Muallar,  1948;  Einatain,  1950)  wara 
antiraly  aapirical.  Bagnold  waa  tha  firat  to  davalop  a 
tranaport  aodal  baaad  on  principlaa  of  phyaica.  Sinca  aany 
authora  (Ballard  and  Inaan,  1981;  Kobayaahi,  1982)  followad 
Bagnold'a  laad  in  dariving  a  badload  aquation,  wa  will 
axaaina  Bagnold'a  logic  in  aoaa  datail. 

Bagnold  firat  uaad  tha  concapt  of  fluid  ahaaring, 
in  which  tha  rata  of  anargy  diaaipation  par  unit  voluaa  ia 
tha  atraaa  tanaor  tlaaa  tha  daformation  tanaor  (Batchalor, 


1967) .  Analogoualy,  for  a  granular-fluid  (aand  forcad  by 


air  or  water),  ho  oxprosood  the  fluid  power  expended  in 
transporting  badload,  per  unit  bed  area,  aa  the  aediaent 
etreae  tiaea  ita  velocity: 

g  «  T  U  (2.23) 

A  well-known  property  of  aediaent  aechanica  ia  called  the 
Couloab  yield  criterion.  The  tangential  atreea  in  the 
aediaent,  T,  ia  equal  to  the  noraal  atreea,  P,  tiaea  the 
internal  angle  of  friction: 

T  *  P  tan0  <  2  . 24 > 

The  angle  0  ia  a  aoaewhat  eaaier  property  to  aeaaure  than 
the  internal  atreaaea.  Bagnold  then  considered  the  stress 
balance  on  a  sloping  bed,  as  in  Figure  (2-1).  Applying 
siaple  trigonoaetry  to  the  stresses  and  the  angles  of 
internal  friction,  0,  and  beach  slope.  A,  he  obtained: 
Stress  froa  fluid: 

Tf  »  P  tan0  ■  ab'  g  coaA  tan0 
Gravitational  stress: 

Tg  *  ap'  g  ainA 
Total  atress: 

Tf  -  Tg  «  ab'  g  <coaA  tan0  -  sinA) 

*  *b'  9  coaA  (tan0  -  tan/3)  (2.25) 

Coabining  (2.23)  and  (2.25)  we  have: 

Q  ■  T  U  ■  ab'  9  coaA  U  <tan0  -  tanA)  (2.26) 

Now  the  tranaport  rate  of  aediaent  is  defined  aa  the 
aediaent  weight  per  unit  area  tiaea  the  velocity  with  which 


BED  LOAD  STRESSES 


'O  o  o  o  O  o  O  n  O  o  0  o 

o  o  o  o  O  I  Q  O  O  ~Z  Ub 

n  O  |0—Q_0  \  °0  O  0  0-  T 

o  ° Qv//////////‘  o  o  1 


p=mbg 


T  =  P  tan 


Xa ... .  4  r 


49  X?=  p 


cos/} 


S  s/n  ^  J 


xT, 


(cos/3. 


^'sin/ 


>ant:m: 


cos# 


Figure  2-1.  Fore**  acting  on  badload  (fro*  In*an,  1979) 


<A)  horizontal  bad  and  <B)  bad  sloping  at  angla  A. 


V,  V, 
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i  *  <*b'  9  coai3)  U 


<2.27) 


Combining  <2.26)  and  <2.27): 


Q  *  1  <tan0  -  tan/3) 


<2.26) 


At  thla  point  Bagnold  applied  the  concept  of 


aachlne  efficiency  to  a  atreaa  tranaporting  aediaent.  The 


power  expended  by  the  fluid  in  tranaporting  the  aediaent  ia 


aoae  fraction  of  the  total  power  available  in  the  fluid: 


0  m  «b  « 


<2.29) 


Equating  <2.26)  and  <2.29)  we  arrive  at  the  expreaaion  for 


aediaent  tranaport: 


tend  -  tanJ3 


<2.30) 


The  total  available  fluid  power  ia  equal  to  the  fluid 


atreaa  tiaea  the  velocity,  w  -  t  u.  A  quadratic  atreaa  law 


ia  then  applied  to  obtain  the  fluid  atreaa,  ao  that: 


w*tu*  </»  cf  u2)  u  *  /»  cf  u3 


<2.31) 


Coablning  <2.30)  and  <2.31)  we  have  Bagnold 'a  tranaport 


model : 


tan#  -  tan/) 


<2.32) 


Equation  <2.33)  cannot  be  directly  tranalated  into 


a  diaenaionleaa  fora  like  <2.13),  becauae  it  containa 


variablea  auch  aa  cf,  eb»  #,  and  6,  which  are  related  only 


in  aoae  unknown  way  to  the  variablea  uaed  in  our 


diaenaional  analyaia.  Variablea  auch  aa  fluid  and  aediaent 


denaitiea,  grain  aize,  viacoalty,  and  orbital  diameter 


which  we  uaed  in  deriving  (2.13)  may  be  functiona  of  the 
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efficiency  and  friction  factors  or  tha  anglaa  in  tha 


danoainator  in  (2.33).  In  conaidering  tha  liaitationa  of 
(2.33)  wa  can  only  axpraaa  tha  practical  problaa  of 
attaapting  to  avaluata  two  unknown  coaff icianta.  It  ia 
particularly  unclear  how  tha  afficiancy  factor  ahould  ba 
evaluated,  aince  it  doea  not  appear  in  aany  other  aodala. 
Thera  ia  evidence  for  unidirectional  flow  which  suggests 
that  «b  increaaaa  aa  the  fluid  power  w  increaaaa,  until  cb 
reachaa  a  conatant  value  of  about  one-third  at  aoie  value 
of  w  (Bagnold,  1966;  Inman,  1979).  We  can  only  aaauaa  that 
tha  conditiona  deteraining  tha  afficiancy  in  (2.33)  remain 
conatant  for  our  axperimenta. 

Equation  (2.33)  waa  developed  for  unidirectional 
flow,  but  Bagnold  (1963)  made  auggaationa  aa  to  how  it 
might  ba  adapted  to  oacillatory  flow.  Ha  auggaata  that  tha 
atraaa  on  tha  bottom  may  ba  proportional  to  tha  maximum 
orbital  velocity  u*.  Thua 
i  *  K#  w  u/u* 

*  K#  (>*0^,3)  u/u* 

3  _ Sh _ a  Sf-.U  Ua2, 

tend  -  tan/3  (2.33) 

which  ia  tha  aama  aa  (2.32),  except  that  uun2  haa  replaced 

u3. 

Relation  (2.33)  waa  taatad  in  tha  croaahora 
direction  in  tha  laboratory  by  Inman  and  Bowen  (1962).  It 
waa  reformulated  into  a  longahore  tranaport  modal  by  Inman 
and  Bagnold  (1963).  Bailard  (1961)  pointa  out  aavaral 


modal*  which  incorporate  thia  concept.  Komar  and  Inman 


(1970)  ahow  that  (2.33)  ia  equivalent  to  the  integrated 
longahore  model  of  relation  (1.1)  under  certain 
aaaumptiona.  We  will  teat  both  the  original 
unidirectional -flow  model  and  the  auggeated  u  u*2  nodal 
with  our  oacillatory  tranaport  data. 

Bailard  and  Inman  model  (1961) 

The  Bagnold  tranaport  relation  (2.33)  waa  derived 
for  ateady  flow,  but  may  be  applied  without  modification  to 
oacillatory  flow.  However,  Bailard  and  Inman  (19B1)  looked 
at  all  the  aaaumptiona  in  the  derivation  of  Bagnold' a  model 
and  made  changea  whenever  differencea  between  ateady  and 
oacillatory  flow  applied.  The  baaic  manner  in  which  the 
fluid  velocity  entera  into  the  derivation  did  not  change. 
That  ia,  inatead  of  uaing  a  nonvarying  fluid  velocity  ea 
aaaumed  in  Bagnold 'a  derivation,  they  uaed  the  mean  value 
of  the  time-varying  oacillatory  fluid  velocity.  It  waa 
neceaaary  to  aaauae  that  the  phaae  difference  between  the 
fluid  velocity  above  the  bed  and  the  atreaa  acting  on  the 
bed  did  not  aignif icantly  affect  thia  method  of  handling 
the  velocity.  Such  an  aaaumptlon  ia  not  neceaaarily 
juatified,  but  there  ia  no  practical  alternative.  All 
authora  developing  auch  a  model  find  it  neceaaary  to  make 
auch  an  aaaumptlon  of  amall  phaae  difference  (Yalln,  1972; 
Madaen  and  Grant,  1976;  Sleath,  1978;  Kobayaahi,  1982). 
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Two  Mta  of  laboratory  axpariaanta  (Kalkanla,  1944 j  Slaath, 
1970)  auggaat  thla  phaaa  dlffaranca  to  ba  aoaawhara  batwaon 
zaro  and  a/4 . 

Tha  ona  significant  dlffaranca  In  tha  aaauaptlona 
uaad  by  Bagnold  <1943)  and  by  Ballard  and  Xnaan  (1991)  waa 
that  Ballard  and  Inaan  did  not  aaauaa  tha  flow  dlractlon 
and  tha  alopa  of  tha  bad  to  ba  In  tha  mm  dlractlon,  aa 
had  Bagnold.  Tha  two  forcaa  acting  on  tha  aand ,  fluid 
atraaa  and  gravity,  ara  tharafora  not  nacaaaarlly  parallal. 
Tha  Ballard  and  Inaan  nodal  la  thus  a  two-dlaanalonal 
tranaport  nodal.  It  ylalda  tranaport  aqua t Iona  far  bath 
tha  croaahora  and  longahora  diraetlona. 

Onca  tha  anal 1 -phaaa  aaauaptlon  and  atraaa 
bldlractlonallty  hava  baan  nddranaad,  tha  darlvatloa  of  tha 
Ballard  and  Inaan  tranaport  aquation  la  a  nattar  of 
algabra.  A  dotal lod  derivation  nay  ba  found  in  tha 
appandln  of  Ballard  and  Inaan  (19B1).  Tha  tranaport 
aquations  for  tha  croaahora  and  longahora  diraetlona  aro : 


in  •  lb.  JLJti 

l  luj2  u  -  td|| 

1 

tan* 

tand 

L  “T2  * 

d 

tand 

<».»>  ■ 

whara  ut  la  tha  total  valoclty,  <u2*v2>0.S.  Hoto  tha 
alnllarlty  of  thaoo  aquatlona  to  Bagnold'a  Iquatlon  (2.33). 
Tha  nano  coafflclanta  and  tha  aasa  vj3  dapandonca  appaar. 

Howavar,  both  cosponanta  of  valoclty  oust  now  ba  takan  into 
account.  Tha  reason  for  thin  is  that  Ballard  and  Xnaan 


VI'.' 


•uuaad  th«  atreaa  on  th«  bod  to  bo  proportional  to  tho 
total  volocity,  not  juat  tho  voloelty  in  tho  diraction  of 
tranaport.  Furtheraore,  tho  aiapla  difforonco  (tan*  - 
tanJ9>  in  tho  donoainator  of  (2.33)  now  appoara  in  (2.34)  aa 
a  difforonco  botwoon  two  taraa  involving  tho  volocity  aa 
wall.  Ono  conaequonce  of  thia  ia  to  chango  tho  concept  of 
aupercritical  flow,  uaually  rofarrod  to  aa  "turbidity 
currants . "  Whan  tho  donoainator  in  (2.33)  bocoaoa 
negative,  tho  aquation  iaritoa  the  aodiaont  will  aova 
downalope  duo  to  gravity.  The  condition  for  initiation  of 
a  turbidity  currant  bocoaoa  a  aoro  coaplicatod  function  of 
tho  volocity  in  (2.34). 

Juat  aa  with  tho  Bagnold  nodal,  wo  cannot  coaparo 
tho  bollard  and  Inaan  aquation  with  our  dlaonaional 
analyala  in  (2.13).  It  ia  unclear  what  variation  la 
allowed  in  tho  two  coefficiente  of  friction  and  efficiency. 
Aa  with  tho  Bagnold  aquation,  wo  can  only  aaauao  that  thoao 
two  coefflclenta  do  not  vary  greatly  in  tho  conditiona 
praaont  in  our  oxporiaonta. 

Thera  are  two  practical  lialtationa  of  the  Ballard 
and  Inaan  aodol .  Tho  proaence  of  an  efflclancy  coefficient 
aa  In  Bagnold 'a  nodal  aakaa  it  difficult  to  dataralno  what 
nuaorlcol  coefficient  ehould  bo  uaod  when  applying  the 
aodol.  Furtheraore,  whan  coaputlng  tho  two  velocity  taraa 
in  (2.34)  it  ia  noted  that  the  raaultlng  croaahora 
tranaport  ia  a  aaall  difforonco  between  two  large  nuabara. 


Tha  practical  conaaquanca  of  thia  ia  that  <2.34)  ia  much 
aora  aanaitiva  to  arrora  in  aaaauramant  of  tha  valocity  or 
tha  bad  alopa  than  noat  othar  aodala.  Thia  raatriction 
doaa  not  apply  to  tha  longahora  aquation  (2.35)  which 
containa  only  ona  tara. 


Kobavaahi  <1982) 

Kobayaahi  <1982)  darivad  both  inatantanaoua  and 
aaan  badload  aquationa.  Tha  aaan  aquation  ia  intandad  for 
uaa  in  aituationa  whara  tha  tiaa-aariaa  u<t)  ia  not 
availabla  and  waa  darivad  with  tha  aaauaption  of  ainuaoidal 
wavaa.  Tha  aaan  aquation  will  not  ba  conaidarad  hara, 
sinca  wa  aaaaurad  tha  fluid  valocity  diractly. 

In  dariving  tha  inatantanaoua  badload  aquation, 
Kobayaahi  aada  all  of  tha  aaaa  baaic  aaauaptiona  aa  Bailard 
and  Inaan  <1981):  quadratic  atraaa,  atraaa  proportional  to 
tha  total  fluid  valocity  <not  juat  tha  valocity  in  tha 
diraction  of  tranaport),  inaignif leant  phaaa  diffaranca 
batwaan  fluid  valocity  and  aadlmant  motion,  and 
nonparallaliam  of  baach  alopa  and  valocity.  Thua  it  la 
aub^act  to  tha  aama  limitationa  and  advantagaa  of  aach  of 
thaaa  aaauaptiona. 

Kobayaahi  darivad  hia  modal  by  conaidaring  tha 
drag,  lift  and  gravitational  forcaa  on  tha  "avaraga"  aand 
grain  and  intagrating  ovar  tha  availabla  maaa  ahaarad  by 


tha  fluid  atreea.  Tha  raaulting  aquationa  <21  and  22  in 


his  papsr)  art  complicatsd  functions  of:  baach  slops, 
grsin  slza,  intsrnsl  angla  of  friction,  sand  and  fluid 
dsnsitiss,  drag  and  lift  cosff iciants,  tha  diraction  of 
fluid  notion,  Shialda'  yiald  critarion,  gravity,  fall 
valocity,  and  thraa  anpirical  coaff iciants.  Ha  usas  sons 
laboratory  data  of  Bagnold  <1956)  to  auggaat  valuaa  for  his 
coaff iciants.  Ha  includaa  a  connonly  usad  axprasaion  for 
fall  valocity.  With  thasa  additional  assunptions,  hia 
aquations  can  ba  translatad  into  tha  sat  of  variablas  wa 
hava  baan  using  as: 

ix  *  1.65  cf  ut-1  <<1*0.1  tand)  /»  -ya  D  <cd  tand)"l)  (cost 
(uT^-ut^)  <ux“0.7ut.)  ♦  ainfl  cot*  Ccoa2?  <ut3~0.35  ut. 
<uT2*ut,2>>  ♦  0.7sln2f  (1*0.1  tantf)  ut  UT~i 
<uj2-ut2) <uT“0.7ut>3  > 

<2 . 36) 

ly  *  1.65  ef  ut-1  <<1*0.1  tan  d)  /»  D  <cp  tand)”1)  (sint 
<ux2-ut2)  <uT”0.7ut J  ♦  alnJ3  cotd  cost  sint  Cut2~0.35  ut 
<UT*ut>  ~  0 . 7 < 1*0 . 1  tand)  ut  ut"1  <ux2_ut2> <uT_0.7ut> 1 > 

<2.37) 

whara  t  is  tha  angla  indicating  diraction  of  tha  fluid 
valocity  in  dagraas  clockwlaa  of  offshora.  Tha  two 
axprasaiona  for  crosshora  and  longshora  transport  ara  quits 
conplax,  but  an  axanination  of  tha  valocitias  ravaals  th  u 
tha  highast  powar  of  valocity  in  aach  tarn  is  thraa.  Thus 
transport  is  proportional  in  sons  conplicatad  nannar  to  u3. 

Kobayashi'a  nodal  is  tha  only  ona  wa  will  axanina 
which  can  ba  dascribad  as  ovardstarninad .  An 
ovardatarninad  nodal  contains  nora  variablas  than  ara 
nacassary  to  conputa  transport.  Kobayashi  includaa 
variablas  which  ara  claarly  functions  of  aach  othar,  such 


S3 


as  grain  aiza,  intarnal  angla  of  friction,  and  baach  alopa. 


Both  friction  and  drag  coafficianta  ara  includad,  wh« 


•any  authors  conaidar  thaaa  to  ba  aiaply  ralatad  to  aach 


othar  (Bagnold,  1963;  Yalin,  1972;  Slaath,  1984).  This 


ovardatarminadnaas  will  ganarally  raault  in  inaccuracy  whan 


tha  aquation  is  appliad  to  raal  data.  Not  only  will  tha 


arrora  in  •aasuramant  of  aach  of  thaaa  quantitiaa  ba 


praaant,  but 


luraaant  of  aach  of  thaaa  quantitiaa 


raqulraa  conaidarably  aora  affort  than  aaaauraaant  of  tha 


fawar  quantitiaa  raquirad  in  othar  transport  aquations. 


Thus  tha  principal  disadvantaga  of  Kobayashi'a  modal  la 


that  it  is  too  coapllcatad,  both  thaoratlcally  and  in  its 


raqulraaant  of  aaaauring  aora  variablas  than  ara  nacaaaary. 


Slaath  conaldarad  tha  various  nondlaanaional 


paraaatara  which  daacrlba  aadlaant  transport,  )ust  aa  wa 


did  in  Sactlon  2.2.  Ha  than  procaadad  to  fit  tha 


axpariaantal  data  froa  laboratory  transport  aaaauraaanta  to 


tha  various  nondlaanaional  paraaatara  important  in  aadlaant 


transport.  Hla  conditions  wars  raatrictad  to  flow  in  ona 


dlraction  undar  wavaa  and  did  not  includa  a  sloping  baach. 


Tha  raaulting  aquation  which  bast  fit  his  data  can  ba 


axprasaad  as: 


i  .  17  £l/2)3/2  u  <u2-ut2)3/2 

<*r«  D)0*S 


(2.38) 
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whari  £1  la  a  coefficient  which  includee  both  the  friction 
coefficient  cf  appearing  in  other  aodela  and  a  graphically 
deterained  eaplrical  expreaaion  for  a  lift  coefficient. 

The  data  uaed  to  detaraine  Equation  (2.38)  caae 
froa  Sleath'a  aeriea  of  experiaenta  with  aaall  wavea  in 
which  he  counted  individual  graina  of  aand  aa  they  aoved 
off  the  end  of  a  flow  channel.  The  tranaport  rate  waa 
extreaely  aaall,  about  thrae  ordera  of  aagnitude  Mailer 
than  the  ratea  preaent  in  our  fiald  experiaenta.  Such  low 
tranaporta  were  necaaaary,  alnce  he  waa  viaually  counting 
individual  graina  aa  they  aoved.  Hla  experiaenta  were 
perforaed  on  a  flat  bed,  but  if  the  conditlona  of  hia 
experiaenta  are  uaed  to  obtain  a  Shlelda'  nuaber 
characterlatic  of  the  flow,  then  the  type  of  flow  predicted 
ia  well  into  the  ripple  tranaport  regiae.  The  only 
poaaible  explanation  for  thla  dlacrepancy  ia  verified  by  a 
atateaent  aade  by  Sleath  concerning  hla  experiaenta.  Hia 
data  were  gathered  very  quickly  after  flow  began.  If  flow 
continued,  ripplea  appeared.  Clearly  ha  did  not  wait  for 
conditlona  in  hia  wave  channel  to  equilibrate  with  the  bed 
in  order  to  achieve  a  ateady  atata  before  beginning 
aeaaureaent.  Thla  placea  aevere  doubta  on  the 
applicability  of  hia  experiaenta  to  real  tranaport 
conditlona. 

Tha  llaitationa  of  Slaath'a  aodel  aay  ba  auaaarlzed 
aa  followa.  Viacoua  effacta  ara  excluded  froa  hla  aodal . 


< Ha  did  not  find  significant  variation  in  tranaport  with 
Raynold's  nuabar.)  Only  tranaport  parallal  to  tha  fluid 
valocity  ia  pradictad.  Tha  affact  of  a  aloping  bad  ia 
axeludad.  Aa  alraady  daacribad  in  datail,  hia  aupporting 
laboratory  data  ara  auapact  bacauaa  aquilibriua  conditiona 
wara  not  attainad. 


Hallaraaiar  <1962? 


I 


I 


i 

i 

I 


Hallaraaiar  uaad  Slaath'a  tranaport  aquation  (2.3d) 
and  calibratad  it  with  aora  than  700  tranaport  aaaauraaanta 
from  20  diffarant  aourcaa  in  tha  litaratura.  Howavar,  all 
of  thaaa  data  wara  froa  laboratory  axpariaants,  many  undar 
conditiona  lika  thoaa  of  Slaath  (1978),  in  which  tranaport 
waa  hald  at  artificially  low  unaqullibratad  lavala.  Wa  can 
thua  axpact  Hallaraaiar ' a  tranaport  aquation  to  yiald  vary 
low  valuaa  whan  uaad  in  fiald  altuatlona. 

Bafora  Hallaraaiar  appliad  Slaath'a  aquation 
(2.38),  ha  aada  two  algnlflcant  changaa  in  it.  Ha  raaovad 
tha  concapt  of  a  thraahold  valocity  nacaaaary  for 


initiation  of  aotlon.  Furtharaora,  ha  raaovad  Slaath'a 
coafflciant  fj,  which  containad  both  a  friction  coafficiant 
cf  and  an  aapirical  axpraaalon  for  a  lift  coafficiant. 

|  Thua  aapirical  variation  in  drag  and  lift  forcaa  wara 

i  raaovad  froa  Slaath'a  aquation.  Hallaraaiar ' a  aodal 


I 


containa  no  undatarainad  coafficiant.  Ha  obtainad  a  aiapla 
nuaarical  eoafficiant  which  is  tha  avaraga  valua  for  all 


the  date  ha  axaainad 


In  tha  unita  wa  hava  baan  uaing 


Hallaraaiar'a  <1962)  tranaport  aquation  bacoaaa: 

i  .  <»✓ 10)3/2  <2  D/do)  u4 

<-rm  D)0.3  <2.39) 

Whan  wa  apply  <2.39)  wa  auat  Multiply  tha  coaputad 

tranaport  by  tha  sign  of  tha  fluid  valocity  at  aach  tina 

•tap,  in  ordar  to  obtain  tha  corract  transport  diraction. 

This  procadura  will  ba  appliad  to  all  aodala  which  contain 

an  avan  powar  of  tha  fluid  valocity. 

Sinca  Hallamaiar  uaad  Slaath'a  nodal,  tha  aana 

linitationa  that  wars  liatad  for  Slaath'a  nodal  apply  to 

Equation  <2.39):  unrealistically  low  tranaport,  exclusion 

of  viscous  af facts,  no  provision  for  a  sloping  bad,  and 

transport  allowad  in  only  ona  diraction  <parallal  to  tha 

fluid  flow).  Sinca,  Hallamaiar  has  also  ranovad  Slaath'a 

expression  for  lift  forca  variations,  tha  diffaranca  in 

parfornanca  batwaan  thasa  two  nodals  will  inforn  us  how 

succasafully  Slaath  nodalad  lift  variation. 

2-«2«.3 _ u?  swat!,; 

Hanas  and  Bowen'*  unldlrectlonal-flow  nodal  <1965) 

Hanas  and  Bowan  davalopad  a  badload  tranaport  nodal 
froa  basic  principals  of  physics  In  which  tha  datails  of 
grain-to-graln  intaractlon  within  tha  dansaly  packed  bad 
ware  considered.  Many  of  tha  assumptions  snd  first 
principles  used  in  tha  nodal  davalopaant  ware  obtained  fron 
Bagnold's  <1954)  experiments  which  nassurad  shear  and 


•train  in  a  rotating  drua.  Hanaa  and  Bowan  appliad 
Bagnold'a  (1954)  aapirically  darivad  ralationahip  batwaan 
grain  ahaar  and  atraaa  to  a  flat  bad  subject  to  an  intanaa 
ataady  ahaar.  In  contraat  to  tha  data  and  aaauaptiona  of 
Slaath  (1978)  and  Hallaraaiar  (1982)  which  indicata 
tranaport  ordara  of  aagnituda  aaallar  than  our  fiald 
experiments,  tha  conditiona  dascribad  by  Hanaa  and  Bowan 
indicata  tranaport  about  two  ordara  of  aagnituda  largar 
than  that  of  our  axpariaanta. 

Hanaa  and  Bowan  dariva  ralationa  for  both  valocity 
and  thickness  of  tranaport  froa  Bagnold'a  strain/ahaar 
aquation.  Thay  obtain  an  axpraaaion  which  haa  aavaral 
undatarainad  coafficianta  and  alao  contains  tha  Shields' 
nuabar  to  tha  five-halvaa  powar,  GS-/2  (thair  aquation  18)  . 
Wa  know  that  badload  consists  of  both  grain-to-grain 
interactions  in  a  danaaly  packed  granular-fluid  and  alao 
saltation,  grains  aoving  as  projectiles  in  a  jumping 
motion.  Thus  Hanaa  and  Bowan  also  darivad  a  relation  for 
badload  tranaport  as  saltation  (thair  aquation  31).  Again 
thay  obtain  an  axpraaaion  with  aavaral  undetermined 
coaf f icienta.  Tha  dependence  on  Shields'  number  is  in  this 
case  much  more  complicated,  since  it  appears  in  several 
locations  in  tha  relation.  Under  certain  aaauaptiona 
regarding  tha  coafficianta  in  tha  aquation,  tha  Shields' 
number  dependence  can  again  be  approximated  as  tha 


5a 

Tha  variation  of  coafficianta  in  tha  tranaport 
aquationa  waa  laft  for  futura  invaatigatora  to  dataraina 
with  rigoroua  axpariaanta.  In  ordar  to  provida  a  tranaport 
ralation  which  could  ba  taatad  now,  Hanaa  and  Bowan  aada 
aany  aaauaptiona  ragarding  tha  coafficianta  in  thair 
aquationa  and  datarainad  that  tha  aua  of  thair 
granular-f luid  and  aaltation  aquationa  could  ba 
approxiaatad  aa: 

♦  «  3.5  €>5/2  ( 2 . 40 > 

Tha  raaulting  tranaport  ralation  in  diaanaional  variablaa 

bacoaaa : 

i  «  3.5  .a2— Cf  5/2  u5 

t.  D  (2.41) 

In  adapting  (2.41)  to  oacillatory  flow,  tha 
liaitationa  can  ba  axaainad  by  coapariaon  with  tha 
diaanaional  analyaia  of  tha  nacaaaary  variablaa  in  Saction 
2.2.  Equation  (2.41)  oaita  viacoaity,  wava  orbital 

diaaatar,  and  tha  ratio  of  aadiaant  and  fluid  danaitiaa.  j 

i 

Thua  it  ahould  not  ba  axpactad  to  parfora  wall  for  vary 

aaall  grain  aizaa  (viacoua  flow),  variabla  wava  parioda, 

and  for  aatariala  of  graatly  diffarant  danaitiaa.  Tha 

aodal  waa  not  davalopad  for  oacillatory  flowa.  Baach  alopa 

ia  not  axpraaaly  included,  although  ita  affact  may  appaar 

in  tha  varioua  coafficianta  which  hava  baan  aliainatad  in  ! 


tha  aiaplifiad  varaiona  hara 


Madsen  and  Grant  bagan  thair  modal  darivatlon  with 


an  aapirical  expression  obtainad  by  Brown  <1949)  in  a 
aariaa  of  ateedy-flow  laboratory  sediment- trap  axparimanta. 
Brown 'a  aapirical  ralation  ia: 

i/<vs  D  W)  -  40  ©'3  <2.42) 

in  which  tha  Shields'  nuabar  uaaa  a  ataady  fluid  velocity, 
u ,  and  tha  aadimant  fall  valocity  appaara  aa  W.  In  ordar 
to  adapt  <2.42)  to  oscillatory  flow.  Madman  and  Grant 
aamuaad  tha  fluid  valocity  to  be  sinusoidal  and  avaragad 
<2.42)  ovar  a  half  sine  wave.  Thus  thair  shaar  straaa 
could  not  hava  tha  usual  u?  dapandanca  as  in  tha  aodals  of 
Bagnold  <1963),  Ballard  and  Inaan  <1981),  and  Kobayashi 
<1982).  Thair  aodifiad  shaar  strass  was: 

t  ■  /»  cf  lul  u  <2.43) 

whara  lul  is  tha  absoluta  value  of  u.  This  expression  was 
necessary  bacauaa  a  sina  wave  is  syaaatric  and  thus  yields 
zero  net  transport.  Madsen  and  Grant's  transport  ralation 
derived  from  this  half  aina-wave  assumption  is: 

i/<*r»  D  W>  ■  Cm  ©3  <2.44) 

They  include  Cm,  a  coefficient  which  includes  tha  affects 
of  threshold  stress,  and  a  friction  factor  in  tha  Shlelda' 
nuabar  <©  »  cf ©' ) .  Madsen  and  Grant  chose  not  to  include 
threshold  atraaa  in  tha  way  dona  m  aoat  aodals  <by 
replacing  ©  with  0-©t > .  They  include  ita  affect  in  an 


empirical  coefficient  for  which  they  provide  e  teble  from 
leboretory  date.  For  flows  ee  intense  ss  in  the  surf  zone. 
Cm  is  constant  at  12. 5.  However,  for  our  experiments 
outside  the  surf  zone  it  cannot  be  aaauaed  constant.  We 
now  translate  <2.44)  into  diaensional  variables: 

i  »  2  Cm  c*3  u6  <2.45) 

<va  D)3/2  o  cd)°*s 

In  order  to  obtain  <2.45)  an  expression  for  the  fall 
velocity  W  had  to  bs  included  as: 

W  ■  C4  /»  y,  D/<3  cd>)°*5  <2.46) 

Since  <2. 45)  contains  u  to  an  even  power,  we  aust  make  the 
aaae  modification  that  we  made  with  the  Meyer-Peter  and 
Mueller  model  and  the  Halleraeler  model:  the  transport 
evaluated  at  each  time  step  in  the  integration  must  be 
multiplied  by  the  sign  of  the  velocity,  so  that  the  correct 
direction  ia  predicted. 

The  limitations  on  Equation  <2. 45)  may  be  examined 
by  comparison  with  the  complete  set  of  variables  obtained 
in  the  dimensional  analysis  of  Section  2.2.  Equation 
(2.45)  oalta  viscosity,  wave  orbital  diameter,  and  the 
ratio  of  sediment  and  flui.d  densities.  Thus  it  should  not 
be  expected  to  perform  well  for  very  small  grain  sizes 
(viscous  flow),  variable  wave  periods,  and  for  materials  of 
greatly  different  densities.  The  model  doea  not  include 
beach  slope  explicitly,  although  it  may  be  included  in 
relation  to  the  other  variables  present.  Finally,  keep  in 


aind  that  the  model  was  derived  from  the  simple  concept  of 


•  half  sine  wavt,  whereas  transport  ovar  an  antlra  aina 
wava  la  zaro. 


»wa  <1980? 


Shibayaaa  and  Horikawa  uaad  Brown' a  (1949) 
transport  ralation  (Equation  2.42)  and  followad  Madaen  and 
Grant's  procadura  and  aaauaptlona  for  ahaar  atraaa  and 
transport  ovar  a  half  alna  wava.  Tha  only  dlffaranca  in 
thair  aodal  froa  tha  Madsan  and  Grant  modal  comas  from  tha 
assumption  that  ones  a  sand  grain  moves,  it  will  continua 
to  do  ao  until  tha  flow  ravarsaa  direction,  ragardlaaa  of 
tha  flow  valocity.  Thus  thay  obtain  a  diffarant  numarical 
coafficiant  for  thair  modal.  Tha  varlabla  thrashold 
coafficlant  Cj«  in  Equations  (2.44)  and  (2.45)  bacomaa  a 
aimpla  constant.  Tha  diaanaionlaaa  and  dimanaional  analogs 


of  tha  Nadaan  and  Grant  modal  ara  thus: 

i/(v,  D  W)  -  19  e3 

1  -  3B  c*3  ^3/2  u6 

( -rm  D)3/2  (3cd)®*® 


(2.47) 


(2.48) 


Tha  asms  limitations  that  appliad  to  tha  Madsan  and 
Grant  modal  also  apply  to  (2.47)  and  (2.48)  with  tha 
additional  raatriction  that  no  yiald  critarlon  is  appliad. 
Equation  (2.48)  omits  viscosity,  wava  orbital  diameter,  tha 
ratio  of  sadlmant  and  fluid  dansitlaa,  and  baach  slops.  It 
was  darivad  from  tha  aimpla  concapt  of  transport  ovar  a 
half  sins  wava.  Finally,  sinca  it  contains  an  avan  powar 
of  tha  fluid  valocity,  tha  transport  must  ba  multiplied  by 


.vNT 


*  >  < 


the  sign  of  the  fluid  velocity  for  each  time  atop  of 
integration. 

2*3*5 _ Othar  modal a 

In  addition  to  tha  modala  wa  hava  alraady  axaminad 
in  which  tha  tranaport  ia  proportional  to  aoma  powar  of  tha 
fluid  velocity,  it  ia  alao  poaaibla  to  modal  tranaport  aa  a 
variabla  powar  of  fluid  valocity.  i  «c  un,  in  which  n  ia 
itaalf  a  apacifiad  function  of  tranaport.  Tha  ralation 
batwaan  i  and  u  can  ba  datarminad  ampirically,  and  tha 
functional  ralation  can  ba  axpraaaad  graphically.  Thia  waa 
tha  approach  takan  by  Einatain  (1930)  in  tha  davalopaant  of 
a  ataady  unidiractional  tranaport  modal.  Einatain' a  modal 
waa  latar  adaptad  to  oacillatory  flow  by  Kalkmnia  (1964). 
Abou-Saida  (1963).  Einatain  (1972).  and  Ackara  and  Whita 
(1973).  Tha  diaadvantaga  of  uaing  auch  modala  ia  that  tha 
baaic  phyaica  ramaina  obacura.  Tha  tranaport  ralation  ia 
totally  ampirical.  Nevertheless,  auch  graphical 
axpraaaiona  for  tranaport  can  ba  appliad  in  practica.  In 
fact.  Einatain' a  (1950)  modal  la  probably  tha  moat  popular 
tranaport  modal  for  ataady-flow  conditiona  uaad  in  thia 
country.  Wa  will  teat  auch  modala  in  order  to  examine  the 
validity  of  the  baaic  poatulate  that  the  power  n  increaaaa 
aa  tranaport  intenaity  increaaaa. 

The  model  of  Ackera  and  White  (1973)  will  not  be 


tested  here,  aince  it  adds  little  in  the  way  of  new  phyaica 


to  Einstein's  (1950)  aodol 


Acker*  «n4  Mute  u< 


both 


laboratory  and  fiald  aeeeureeents  of  transport  to  develop 
oapirical  curve*  auch  Ilka  Einstein' a,  relating  transport 
and  fluid  velocity .  Tha  nuaorlcal  valuoa  obtsinod  from 
Ackers  and  Whits' a  curvaa  ere  dlffaront  than  thoao  of 
Einatain'a,  but  tha  basic  trand  raaaina:  tha  power  n 
incraaaaa  with  transport  intonaity.  Ackara  and  Whits  did 
includa  viscosity,  which  was  ignored  by  Einstein,  but  auch 
a  change  should  only  ba  notlcaabla  for  vary  aaall  grain 
aixaa. 

Sinife9ln..t  ynAdlrafiUflniWlBM  madml  L133Q2 

Einatain  bogan  hia  thoorotical  dovolopaont  with  tha 
description  of  saltation,  projectile  notion  of  individual 
grains.  Ho  ignored  tha  intense  transport  which  occurs 
beneath  saltation,  tha  grein-to-grein  interaction  of  a 
densely  packed  granular -f luid .  Thus  he  ignores  a  large 
portion  of  real  bedload,  just  as  was  done  in  the 
developaent  of  Yalin'a  (1963)  nodal,  described  earlier.  by 
considering  the  forces  acting  on  a  single  sand  grain, 
Einatain  eventually  develops  a  vary  coapllcetc»d  integral 
expression  containing  seven  undeteramed  pereaetere,  which 
he  is  unable  to  evaluate.  Nevertheless,  the  expression 
does  contain  Shields'  nuaber  to  the  three-halves  power, 
suggesting  transport  aay  be  proportional  to  the  third  power 
of  the  fluid  velocity.  Einstein's  relation  for 


iMn4lMM«iOA«l  transport  (Valin,  1972,  Chaptar  5.9)  aay  ba 

eapraaaed  aa: 

9  •  A  #*3/2  (i/rV2»)  a*p( -r2/2r2)  dr 

a* 1  (2.49) 

in  which  A  contains  five  unknown  coef ficianta,  and  a  and  w 

ara  unknown.  Sines  tha  seven  undatarainad  paraaatara  ara 

unknown,  and  tha  integration  cannot  ba  parforaad,  it  is 

unclear  what  sort  of  dapandanca  there  is  between  fluid 

velocity  and  transport.  Evan  though  Shields'  nuaber 

appears  to  tha  thraa-halvaa  power,  there  aay  ba  additional 

functional  dapandanca  on  Shields'  nuaber  in  tha  raaaindar 

of  tha  aitpraaalon.  Tha  only  practical  inforaation  that 

Einstein  could  obtain  froa  (2.49)  was  tha  fact  that 

transport  was  in  aoaa  way  dependant  on  Shields'  nuaber; 

♦  •  f  <•*  >  (2.50) 

Thus  ha  proceeded  to  gather  field  data  for  steady  flow  and 

produced  eepincal  curves  relating  4  and  .  The  elope  of 

Einstein's  curves  show  that  tha  appropriate  power  of 

Shields'  nuaber  varies  froa  one  at  low  intensity  to  three 

for  intense  transport.  < Thus  tha  power  of  tha  fluid 

velocity  venae  froa  two  to  am.) 

When  using  Einstein's  curves,  several  Imitations 
need  te  be  Kept  in  nnd.  He  developed  hi  a  theory  by 
considering  only  the  saltation  portion  of  bed i oad .  both 
hie  theory  and  hia  eapirieal  curves  were  developed  only  for 
steady  unidirectional  flow.  Furtheraoro,  the  only 
variables  besides  velocity  that  ha  t sues  into  account  are 


<ra  and  D  <in  *)  and  Shields'  nuabar.  Variations  in  danaity 
and  viacoalty  ara  ignorad. 

Wa  will  taat  Elnstain's  <1930)  aapirlcal  curvaa  of 
ralatlon  <2. SO)  in  ordar  to  axaaina  hia  baalc  poatulata 
that  tha  powar  of  u  (to  which  transport  la  proportional) 
incraaaaa  aa  tha  transport  intanaity  lncraaaaa.  In  fact, 
Bagnold  <1986)  providaa  aoaa  fiald  varification  of  this 
poatulata  with  unidiractlonal  (rivar)  data.  Wa  do  not 
antlclpata  that  tha  transport  nuabara  wa  obtain  froa 
Elnstain's  <1950)  aodal  will  avan  ba  tha  corract  ordar  of 
aagnituda,  ainca  wa  will  ba  applying  hia  ataady-flow  curvaa 
to  our  oacill story  transport  data.  But  tha  aagnituda  of 
tha  transport  nuabara  will  not  ba  iaportant.  Tha  varianca 
of  tha  transports  coaputad  froa  Elnstain's  curvaa  will 
inf ora  ua  aa  to  tha  validity  of  hia  basic  poatulata. 


•  Wi"  U  W-l 


Tha  oscillatory  aodal  of  Einatain  was  davalopad 
froa  Einatain' a  original  <1930)  concapt  for  ataady  flow  by 
parforaing  laboratory  aaparlaanta  in  oscillatory  flow. 


Kalkania  <1964)  and  Abou-Salda  (1943)  parforaad  a  aariaa  of 
aaparlaanta  ovar  an  oscillating  plats  of  sand.  Transport 


was  aaasurad  aa  it  fall  off  tha  ands  of  tha  plats. 

In  thair  aaparlaanta  it  was  only  poaalbla  to 


aaaaina  transport  occurring  undar  a  vaioclty  fiald  of  a 
singls  frequency,  rathar  than  a  aiaad  apactrua  of  flow  aa 


in  field  conditions.  Ssvsrsl  of  ths  thsorsticsl  procsdurss 
nscsassry  in  ths  application  of  ths  nodal  require  that 
waves  of  only  ona  fraquancy  ba  prasant.  Einstain  (1972) 
darivaa  axprassions  for  tha  valocity  field  within  the 
boundary  layer  which  raquira  that  tha  measured  velocity 
outside  tha  boundary  layer  and  tha  wave  phase  both  agree  on 
tha  sign  of  tha  valocity  at  all  tines.  In  a  nixed  spactrun 
of  waves  this  will  not  happen,  even  if  all  energy  is 
collapsed  into  a  single  fraquancy.  Tha  resulting  iaaginary 
boundary- lsyar  velocities  nske  his  nodal  iapoaaible  to 
apply  outside  tha  laboratory. 

Tha  procedure  for  dataralning  transport 
(Abou-Salda,  1963;  Einstein,  1972)  nay  ba  euaaerixed  as 
follows.  Tha  fluid  valocity  amplitude  was  datarninad  using 
linear  theory  and  tha  oscillating  plate's  period  and 
anplltuda.  Than  tha  fluid  valocity  within  tha  turbulent 
boundary  layer  was  computed  at  tha  distance  0.33  D  froa  tha 
bad  using  a  vary  coapllcated  expression  for  boundary-layer 
variation  of  valocity.  This  expression  tha  vertical 

variation  of  tha  horizontal  valocity  was  an  eaplrlcal 
adaptation  of  laminar  boundary- layer  theory  in  an  attempt 
to  simulate  a  turbulent  boundary  layer.  Using  tha  valocity 
froa  this  expression,  a  Shields'  number  is  computed.  Then 
a  “hiding  factor"  representing  the  effect  of  smell  grains 
"hiding"  between  the  larger  aand  grains  is  computed  using 


another  empirical  relation  describing  boundary-layer 


bthtvlor.  The  product  of  the  Shielda'  nuabar  and  tho 
hiding  factor  than  bacoaaa  yat  anothar  kind  of  Shielda' 
nuabar .  Tha  aapirlcal  curvaa  obtained  froa  tha  experlaenta 
of  Kalkanla  <1964)  and  Abou-Salda  (1963)  ara  than  uaad  to 
tranalata  thla  Shlalda'  nuabar  Into  a  dlaanalonlaaa 
tranaport.  Tha  nuabar  of  aaauaptlona  aada  concerning  tha 
boundary  layer  aakaa  tha  validity  of  Elnateln'a  (1972) 
procedure  quite  dubioua. 

It  la  iapoaalbla  to  apply  thla  procedure  to  a  aixad 
apactrua  of  wave*,  even  if  collapaed  into  a  aingla 
frequency.  Tha  aodal  can  only  be  applied  In  controlled 
laboratory  conditlona  with  a  aingla  frequency.  Such 
laboratory  axpariaanta  ara  currently  underway  (King  and 
Seyaour,  1964).  in  which  tha  Einatain  oecillatory  flow 
aodal  la  one  which  will  be  taatad .  However,  tha  baalc 
poatulate  which  aakaa  Elnateln'a  aodala  unique  (a  variable 
exponent  of  u  in  tha  tranaport  relation)  la  coaaon  to  both 
Elnateln'a  unidirectional  and  oecillatory  aodala.  In 
taating  hla  unidirectional  aodal  we  will  be  able  to  axaalna 


3.  EXPERIMENT 


Exparliwtta  with  dyed  aand  ••  •  tracer  have  been 
performed  for  aore  than  30  yeara.  They  quickly  programmed  j 

i 

froa  uae  ee  a  vleual  eatiaator  of  tranaport  thickneea  j 

i 

(King,  1951)  to  a  full-fledged  tracer  experiment  with  I 

eetiaetee  of  tranaport  velocltiea,  thickneea*  and  recovery  j 

(Inaan  and  Chamberlain,  1959).  A  partial  hiatory  of  field 

tracer  experiaenta  and  the  characteriatica  of  each  ia 

included  here  aa  Table  3-1.  Moat  tracer  experiaenta  have 

been  atteapta  to  aeaaure  the  totel  longahore  treneport  in 

the  aurf  zone,  i.e.,  large-acale  “global**  (aurf-xone  acale) 

experiaenta.  The  liat  of  global  experiaenta  in  Table  3-1 

la  not  complete,  but  aoae  global  experiaenta  end  their 

characteriatica  are  Hated  for  purpoeea  of  cooper ieon.  The 

type  of  experiment  in  which  tracer  la  uaed  to  aeaaure 

tranaport  at  eeeentially  one  point  will  be  referred  to  aa 

“point"  experiaenta.  All  of  the  point  experiaenta  that  we 

are  aware  of  are  Hated  in  Table  3-1. 

The  experiaenta  performed  in  thia  atudy  are  unique 
in  that  they  uae  electromagnetic  current  metera  to 
accurately  aeaaure  the  currente.  The  only  other  point 
experiment  Hated  in  the  table  in  which  auch  aenaora  war  a 
uaed  waa  that  of  Miller  and  Komar  (1969).  However,  they 
computed  only  aand  dlffualon  aatlaataa.  For  unknown 
reaaona  thay  did  not  raport  tranaport  thickneaa,  valocity. 


or  tracer  recovery 


W :  working  on  thin  now 

X'a  indicate  charactariatica  of  a  particular  experiment 
Soaa  aurf -xone~wide  axpariaanta  ara  not  included . 


Tracer  experiments  may  be  used  to  determine  both 
total  transport  (advection  or  net  velocity)  and  diffusion. 
The  focus  of  our  study  is  on  total  transport,  but  we  plan 
to  coaputa  diffusion  rates  and  teat  advectlon-dif fusion 
models  with  both  our  data  and  that  of  Znman  and  Chamberlain 
<1999).  Pizzuto  <1967)  devaloped  a  theoretical  diffusion 
model,  which  was  tested  using  the  field  data  of  Inman  and 
Chamberlain  <1999)  and  soma  laboratory  diffusion  data. 

_ Sites 

Several  criteria  wars  used  in  selecting  experiment 
sites.  Foremost  was  tha  requirement  of  sufficiently  high 
wsves  to  induce  carpet-flow  transport  outside  of  the 
breakers.  Any  significant  topographical  variations  must 
occur  on  larger  spatial  scales  than  the  size  of  the 
sampling  grid  <6  m  longshore  by  6  a  croamhore) .  The  sand 
composition  would  need  to  be  compatible  with  the  sand 
dyeing  techniques  used.  Shell  fragments  and  dark  heavy 
minerals  did  not  dya  as  well  aa  quartz,  so  the  sand  had  to 
be  principally  quartz.  Tha  techniques  used  to  count  the 
dyed  sand  grains  in  tha  samples  nacaaaitatad  that  the 
grains  not  be  extremely  fine.  The  counting  procedures  were 
much  lama  reliable  for  grain  sizes  laaa  than  79  microns. 
Finally,  power  access,  data  recording  facilities,  and 


access  for  scuba  divers  wars  considerations 


Several  experiments  were  perforeed  in  1980  in 
conjunction  with  wave-ehoeling  experiments  for  another 
study  (Frellich,  1982).  Both  crosshors  and  longshore  lines 
of  electromagnetic  current  meters  and  pressure  sensors  were 
established  at  Torrey  Pines  beach  for  the  wave-shoaling 
study.  The  crosshore  line  of  instruments  extended  from  3 
meters  depth  to  14  meters.  Our  sand-tracer  experiments 
were  performed  near  a  current -meter  station  at  4.S  meters 
depth.  For  a  complete  listing  of  instruments,  refer  to 
Freilich'a  <1982)  figure  2,  in  which  our  experiments 
occurred  near  C3. 

Torrey  Pines  is  a  long  straight  beach  with  plane 
parallel  contours  about  S  ks  north  of  Scripps  Institution 
of  Oceanography  (Figure  3-1).  Offshore  of  the  breakers  the 
beach  slope  is  about  1.3  degrees.  Fathosetsr  profiles  of 
the  offshore  topography  and  rod-and-level  profiles  of  the 
beach  topography  are  drawn  in  Figure  (3-2).  Beach  profiles 
were  obtained  with  reference  rods  on  frequent  occasions 
between  the  fathometer  profiles  in  Figure  <3-2> .  All  of 
the  Torrey  Pines  sand-tracer  experiments  were  performed 
near  one  fixed  current  meter,  indicated  on  the  fathometer 
profile.  The  median  aand  size  at  that  location  ia  about 
200  microns.  Shell  content  of  the  sand  is  nil,  and  dark 
heavy  minerals  compoaa  about  10X  of  the  sand.  This  site 
was  chosen  principally  becausa  data  from  tha  naceaaary 
currant  matara  and  prasaura  sanaors  were  already  being 
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1  axaggaration 


r  ' 


It  * 


Bi 


colloctod  thart  for  onothor  •xpanaant.  Sine-*  tha 
lnatruaawta  wara  alraady  in  piaea,  it  woo  docidod  to 
ottoopt  tho  oond  -  trocar  oxporioonto,  ovon  though  oooo  of 
tho  tochniquao  hod  not  yot  boon  porfoctod. 

Ovor  tho  noxt  couplo  yooro  following  tho  19*0 
oxporioonto  ot  Torroy  Pinoo,  doto  woro  onolysod,  ond 
oxporioontol  tochniquoo  woro  laprovod.  It  woo  oloo  docidod 
to  ottoopt  oxporioonto  ot  onothor  oito  in  ordor  to  itprova 
tho  gonorality  of  tho  doto.  All  of  tho  Torroy  Pinoo 
oxporioonto  woro  porforood  undor  conditiono  in  which  tho 
booch  prof 1 lo  oppoorod  to  bo  in  oquilibriuo.  Thot  lo,  tho 
noon  curronto  ond  tho  not  oond  tronoport  woro  quits  oaoll 
in  tho  crooohoro.  In  ordor  to  obtoin  doto  for  difforont 
wovo  conditiono  and  hopofully  to  oooouro  significant  not 
tronoport,  aoro  oxporioonto  woro  porforood  noar  tho  Scnppo 
Inotitution  of  Ocoonogrophy  <SI0>  pior  in  1964  (Figuro 
3-1)  . 

Tho  1964  oxporioonto  woro  porforood  opproxiootoly 
100  aatoro  froa  tho  pior.  Tho  oxporioonto  could  not  bo 
locatod  furthor  froo  tho  pior  bocauaa  of  tho  nood  to 
provido  occooo  by  powor  ond  data  cabloa  to  tho  inotruoonts. 
Expor ioontatlon  cloao  to  tho  pior  waa  avoidod,  ainco  bod 
footuroa  of  long  wovolongtha  occasionally  occur  in  tho  wavo 
shadow  of  tho  pior  pilings  (Inoan,  1957).  Not  only  woro 
our  oxporioonta  always  porforood  wall  away  froo  such 
topographical  variations,  but  it  woo  docidod  to  oxporioont 
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on  the  aid*  of  the  pier  facing  tha  oncoaing  wavaa.  Both  of 
thaaa  criteria  of  dlatanca  froa  tha  plar  and  choica  of  plar 
aida  lnaurad  avoidance  of  tha  piar-inducad  bad  featurea. 

Tha  topography  for  both  tha  north  and  aouth  aldaa  of  tha 
plar  la  detailed  in  Figura  (3-3) .  Additional  reference-rod 
prof 1 laa  vara  alao  obtainad  at  tha  tiaa  of  tha  experieenta, 
and  bottoa  alopaa  ware  calculated  froa  thaa .  Tha 
lnatruaanta  uaad  at  tha  SIO  aita  ware  aobile,  aa  oppoaad  to 
tha  fixed  aanaora  at  Torray  Pinea,  ao  tha  choica  of  both 
longahora  and  croaahora  locationa  waa  aade  for  each 
axpariaant,  dapanding  on  wave  conditions.  Tha  croaahora 
location  of  aach  axpariaant  ia  listed  separately  in  Figura 
(3-3).  Tha  beach  slope  at  tha  axpariaant  sites  waa  about 
tha  aaaa  aa  tha  Torray  Pinea  experiments,  about  1.5 
degrees.  Lika  Torray  Pinea,  tha  shall  and  heavy  aineral 
content  of  the  sand  ia  aaall.  However,  at  SIO  the  aedian 
grain  size  is  saaller,  about  180  aicrons.  The  specific 
sand  and  beach  conditions  for  each  axpariaant  will  be 
described  in  aore  detail  in  Section  5.1. 


Pressure  sensors  (strain-gauge  type,  Stathaa  aodei 
PA  508-33)  and  elactroaagnat ic  current  aeters  were  used  in 
all  axpariaanta.  Other  axperiaants  have  deaonatrated  thar 
tha  pressure  signal  is  quits  linear  and  not.  aubiect  to 
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Figura  3-3.  Baach  profile*  at  Scrippa  Institution  of 
Ocaanography .  Profiling  and  axpariaanta  took  placa  about 
100  aatara  north  or  south  of  tha  piar.  Profilaa  ara 
aatchad  coabinationa  of  rod-and-laval  and  fathoaatar 
profiling.  Vartical  axaggaration  is  25:1. 


drift  with  time.  The  prtMura  tantora  were  calibrated  both 
bafora  and  aftar  aach  year" a  axpariaanta.  Both  gain  and 
offaat  changed  laaa  than  3* . 

Although  data  froa  praaaura  aanaora  can  ba  uaad  to 
compute  fluid  velocity  with  linear  wave  theory*  much 
computet iona  are  not  accurate  enough  for  our  requirementa. 
Guxa  and  Thornton  <1960)  found  laaa  than  20*  error  in 
praaaure/veloclty  converaiona  for  the  deptha  in  our 
axpariaanta*  but  the  bedload  aodela  we  are  teating  require 
better  accuracy.  Furthermore*  praaaura  aanaora  will  not 
meaaure  ateady  currenta.  The  current  metera 
(Narah-McBirney  #512  dual-axia  apherical  probea)  were 
calibrated  at  the  beginning  and  end  of  each  year 'a 
experimenta  by  towing  them  in  a  laboratory  channel .  The 
gaina  changed  by  laaa  than  1**  and  the  offaeta  by  laaa  than 
1  cm/a*  except  for  one  uaed  only  in  the  30  October  1964 
experiment  which  had  an  offaat  change  of  3  cm/a.  Thia  ia 
certainly  not  behavior  that  can  be  generally  expected  with 
auch  inatrumenta.  Calibrationa  in  other  experimenta  have 
been  found  to  change  conaidarably  more  than  thia.  The 
reaaon  that  thia  did  not  occur  here  waa  that  we  required  ao 
few  aenaora*  one  or  two  currant  metera.  Thua  we  could  teat 
many  current  metera  and  aelect  the  few  that  had  the  leaat 
nolay  aignal*  typically  the  naweat  aenaora. 

Thera  have  been  auggeatlona  that  there  are 
fundamental  flawa  in  the  daaign  of  electromagnetic  currant 


meters  which  prevent  thee  from  Measuring  velocity 
accurately  when  high  levels  of  turbulence  are  present,  or 
when  significant  levels  of  both  steady  and  oscillatory 
flows  are  present  (Aubrey  and  Trowbridge,  1985).  However, 
when  such  sensors  have  been  coapared  with  other  current 
set era  of  fundamentally  different  design  (open-fraae 
design),  the  excellent  comparison  of  velocities  suggests 
that  thera  is  no  significant  error  due  to  design  (Guza  at 
al,  1986). 

The  sensors  were  deployed  differently  in  the  Torrey 
Pines  and  SIO  experiments.  At  Torrey  Pines,  each 
instrument  was  located  on  a  fixed  pipe.  There  was  one 
current  meter  seven  meters  longshore  of  the  send  sampling 
grid.  There  were  two  pressure  sensors  located  about  20 
metara  onshore  and  offshore  of  the  current  meter  and  sand 
sampling  grid.  Wave  elevation  spectra  and  mean  depths  were 
computed  by  linear  interpolation  between  the  two  pressure 
sensors.  Since  only  one  current  meter  was  used  in  the 
Torrey  Pines  experiments  and  its  signal  was  noisier  than 
the  currant  meters  used  in  the  SZO  experiments,  we  would 
expect  less  accuracy  for  tha  Torray  Pines  fluid  velocity 
measurements.  Nevertheless,  we  will  see  that  the  sensor's 
measurement  of  very  small  croaahore  mean  valocitles 
(generally  lass  than  1  cm/m)  agreed  with  the  sand  transport 
measurements  of  very  small  nat  crosshora  transport.  That 


ia,  both  tha  fluid  and  aadlaant  Mtsumtnti  auggaat 
naar-aqullibrlua  baach  condltiona. 

A  aovabla  divar-daployad  triangular  fraaa  (Figura 
3*4)  waa  uaad  for  aanaor  daployaant  in  tha  1964  axpariaanta 
at  SIO.  Aa  at  Torray  Pinas,  tha  fluid  valoeity  and 
aadlaant  tranaport  aaaauraaanta  wara  aada  at  tha  aaaa 
croaahora  location.  At  Torray  Pinaa  aaaauraaanta  wara  aada 
at  flxad  locationa,  wharaaa  at  SIO  both  fluid  and  aadlaant 
aaapling  locationa  dif farad  froa  day-to-day.  At  SIO  tha 
thraa  laga  of  tha  aanaor  fraaa  wara  acrawad  into  tha  aand, 
and  cablaa  for  data  and  powar  trailad  off  ona  of  tha  laga 
back  to  tha  piar.  Tha  cablaa  quickly  acourad  into  tha 
bottom.  Sand  aaapling  waa  alwaya  dona  on  tha  aida  of  tha 
lnatruaant  fraaa  away  froa  tha  piar,  in  ordar  to  avoid  any 
intarfaranca  froa  tha  cablaa.  Ona  praaaura  aanaor  waa 
daployad  at  tha  can tar  of  tha  fraaa,  22  ca  abova  tha  aand 
bad. 

Coapariaona  of  aaaauraaanta  froa  two  currant  aatara 
(Figura  3-4)  providad  an  aatiaata  of  tha  arror  in  both  tha 
fluctuating  and  aaan  coaponanta  of  valoeity.  Tha  currant 
aatara  wara  far  anough  apart  (1.2  a)  to  avoid 
alactroaagnatlc  intarfaranca.  Expariaanta  in  tha 
laboratory  ahowad  aignificant  intarfaranca  in  tha  aignala 
at  50  ca  aaparation,  baraly  noticaabla  noiaa  at  75  ca,  and 
no  obaarvarabla  intarfaranca  at  100  ca  aaparation. 


Figure  3-4.  Frame  and  inetrumente  uaed  at  the  Soripps 
Inatitution  of  Oceanography  experiaenta.  Two  current 
ietera  were  mounted  1.2  meter a  apart  and  at  the  aame 


height,  along  with  one  preaaure  aenaor 


Numerous  ttudlM  have  been  parforaad  with  sand 
tracer  In  aany  countrlaa.  Soon  alter  World  War  II  there 
waa  intereat  in  uaing  Irradiated  aand  tracer a.  Snail 
quantitiea  of  quartz  aand  could  be  Irradiated  in  nuclear 
reaetora,  injected  into  a  aand  bed,  and  then  aaepled  in 
order  to  monitor  the  motion  of  the  tracer  centroid.  Inman 
and  Chamberlain  <1959>  uaed  thia  technique  euceeaafully  in 
an  experiment  aimilar  to  the  onea  we  performed  and  at  the 
name  location  near  the  SIO  pier.  However ,  more  recent 
exceaaively  atringent  environmental  policiea  have 
effectively  prevented  acientiata  from  uaing  radioactive 
aand  tracera  in  thia  country.  Long  at  el  (197S)  eatimete 
expoaure  to  aomeone  awimming  directly  over  the  injection 
aite  for  one  hour  or  from  ingeation  of  one  irradiated  grain 
to  be  about  2.S  millirema,  an  amount  comparable  to  the 
expoaure  from  a  luminiacent  watch  over  a  year.  The  total 
average  public  expoaure  to  all  aoureea  la  about  200  area 
annually. 

Becauae  of  environmental  policiea,  atudlea 
performed  by  thia  laboratory  after  the  1950' a  uaed  aand 
tagged  with  fluoreacent  dye  by  an  outaide  company. 

Although  the  aand  dyed  by  thia  company  had  good  realatance 
to  abraaion  and  viaibility,  it  did  have  a  few  drawbacka. 

The  formula  waa  kept  aecret.  Often  the  aize  dlatribution 
of  the  dyed  aand  varied  aoaewhat  from  that  originally 


•hipped.  Finally*  the  antira  process  could  take  several 


days.  Thus  sand  could  not  he  obtained*  dyed*  and  then 
reinjected  into  the  ocean  before  size  characteristics  had 
changed.  Therefore  we  decided  to  develop  sand-dyeing 
techniques . 

A  good  dysing  technique  for  sand  ahould  have 
several  characteristics: 

1.  simple  and  low-coat  formula* 

2.  the  drying  rats  ahould  be  fast  enough  to  allow 
rapid  reintroduction  into  the  ocean* 

3.  grain  coatings  should  be  of  minimal  thickness* 

4.  a  wide  selection  of  colors  allows  duplication  of 
data  or  testing  in  the  same  area  to  be  repeated* 

5.  colors  should  be  both  daylight  visible  and 
fluoresce  under  ultraviolet  light  for  counting* 

6.  solubility  in  salt  water  should  be  low* 

7.  the  dye  should  not  abrade  easily*  and 

A.  the  drying  process  should  not  cause  the  send 
grains  to  clump  together. 

We  tried  several  of  the  organic  dyes  and  coating 
polymers  suggested  by  Teleki  (1966)  but  found  them  all  to 
suffer  from  abrasion  and  solubility  in  water.  The  organic 
dyes  did  not  bind  well  enough  to  the  sand  to  stay  on  when 
exposed  to  surf  zona  abrasion  or  extended  exposure  to  salt 
water.  Yasso  (1966)  performed  laboratory  tests  on  many 
different  types  of  dyes*  including  some  of  Teleki 'a.  The 


dyoing  tochniquo  which  wo  found  workod  boot  woo  ono  of 
thooo  taotad  by  Yoooo.  Throo  porto  Doy-Glo  Acrylic  Locquor 
202  Lino  <Switzor  Broo. ,  Inc.)  oro  oixod  with  two  porto 
Toluono  oolvont,  coobinod  with  tho  oand,  ond  thon  driod. 

Tho  foroulotion  io  oioplo  ond  rolotivoly  low  coot.  Yoooo 
roportod  tho  drying  tiao  to  bo  11  ainutoo,  but  wo  found 
that  coaploto  drying  took  about  90  ainutoo.  Yoooo  roportod 
tho  cooting  thicknooo  to  bo  38  aicrono,  but  voriablo, 
doponding  on  tochniquoo  uood.  Wo  found  on  ovorogo 
thicknooo  of  3  aicrono.  Ton  Doy-Glo  colora  oro  availablo. 
tho  lorgoot  ooloction  oithor  Yoooo  or  wo  havo  found.  Wo 
uood  both  tho  “Rockot  Rod"  ond  “Lightning  Yollow,"  which 
woro  on  oithor  oido  in  tho  light  opoctruo  froa  tho  aoot 
vioiblo  color,  orango.  Wo  uood  two  coloro  oiaultonoouoly 
in  ordor  to  duplicoto  oil  our  data  and  provido  orror  boro 
on  our  aooouroaonto.  Tho  dyo  io  daylight  vioiblo  and 
fluoroocoo  undor  ultroviolot  light.  Yoooo  choroctorizoo 
ito  vioibility  oo  "axcollant"  on  o  acala  froa  “poor"  to 
“oxcollont."  Wo  noticod  no  aolubility  in  oalt  wotor,  ovon 
of tor  doyo  of  oxpoouro.  Yoooo  aoaourod  tho  obraoion 
porcontogo  looo  oo  0.150k  of tor  rototion  at  120  rpa  for  16 
houro.  Finally,  Yoooo  oboorvod  aodoroto  cluaping  tondoncy 
of  tho  drying  groino,  but  ho  did  not  tuablo  tho  graino 
whilo  thoy  woro  drying  oo  wo  did. 

Wo  dyad  tho  oand  in  fino-woovo  cloth  bogo  which 


woro  thon  imaoraod  in  tho  locquor-aolvont  solution 
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stirring  and  prodding  the  bag  for  aavaral  ainutaa  to  inaura 
coapiats  coating,  wa  driad  tha  aand  in  a  clothaa  dryar  with 
aodarata  heat.  Tha  haat  halpad  to  bind  tha  dya  to  tha 
grains,  and  tha  tumbling  pravantad  clumping  of  dyad  grains. 
Dyad  aand  was  raady  to  ba  uaad  tha  day  aftar  tha  original 
aand  waa  col lac tad. 


In  previous  tracer  experiments  (Komar  and  Inman, 
1970;  Inman  at  al,  1960;  Kraus  at  al,  1962;  White  and 
Inman,  1987b)  dyad  aand  waa  injected  into  tha  aand  bad  by 
awimmara  opening  a  plastic  bag  of  aand  onto  tha  bad.  With 
such  a  technique,  soma  of  tha  dyad  aand  nay  ba  scattered 
throughout  tha  water  column  but  presumably  falls  quickly 
back  to  tha  bad.  In  tha  surf  zone-wide  axparimanta  listed 
above,  this  procedure  may  have  bean  acceptable,  since 
plunging  breakers  can  often  atir  up  tha  dyad  aand  off  tha 
bad,  just  as  occurs  whan  injecting  tha  aand  with  awimmara. 
But  for  our  axparimanta  outside  tha  surf  zona  wa  uaad  a 
mora  controllad  means  of  sand  injection. 

A  aeries  of  three  aand- injection  devices  ware  built 
(Figure  3-5) .  Tha  first  waa  a  simple  metal  cylinder  with 
slots  in  tha  top  for  insertion  of  tha  diver's  hands.  A 
plastic  bag  of  dyad  aand  waa  held  in  tha  device  which  waa 
placed  on  tha  aand  bad.  Tha  diver  than  opened  tha  bag 
inside  tha  cylinder.  Aftar  waiting  a  minute  to  let  tha 
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removed .  However,  there  waa  atill  aoaa  dyad  aand  which 
aacapad  through  tha  hand  alota. 

Furthar  daaigna  conaiatad  of  two  cylindara,  a 
saallar  ona  on  top  tha  othar  (Figura  3-5) .  At  SZO  a  largar 
nodal  ("b"  in  Figura  3-5)  waa  uaad  to  dacraaaa  tha  tracar 
thicknaaa.  Tha  wattad  dyad  aand  waa  anptiad  into  tha  top 
cylindar  bafora  entering  tha  ocean.  The  top  cylinder  is 
cloned  on  both  enda.  The  device  ia  than  placed  on  tha 
ocean  bad,  a  lever  ia  pulled,  and  a  trap  door  in  tha  bottom 
of  tha  upper  cylindar  opana,  raleaaing  tha  dyad  aand  into 
tha  lower  cylindar.  Computation  of  fall  valocitiaa 
indicate  that  all  tha  aand-aizad  graina  will  fall  to  tha 
bed  within  one-half  minute.  The  reault  ia  a  5-10  kg 
cylindar  of  dyad  aand  on  the  bad,  about  0.5- 1.0  cm  in 
thicknaaa.  Thia  waa  tha  thicknaaa  obtained  in  tha  third 
device  ahown  in  Figura  (3-5).  It  waa  built  to  reduce  tha 
2-3  cm  thickneaaaa  obtained  in  tha  aacond  device  (uaad  in 
tha  Torrey  Pinea  experimenta) .  After  waiting  tha  half 
minute,  tha  injection  device  ia  removed.  Thia  ia  not  long 
enough  for  tha  injection  device  to  cauaa  acouring  in  tha 
bad.  Earlier  triala  indicatad  that  thraa  minutaa  are 


needed  for  acouring 


The  sand  bad  was  aaaplad  with  diver-held  coring 


devicea  (Figure  3-6)  deacribed  in  detail  by  Zaapol  and 
Waldorf  (1967).  The  device  conaiata  of  a  long  aetal  tube 
with  a  handle  and  valve  at  one  end  and  a  aeat  for  a  plaatic 
core  tube  at  the  other  end .  The  diver  opena  the  valve  at 
the  top  before  aaapling.  Thia  providea  an  open  column 
throughout  the  length  of  the  device,  in  order  to  relieve 
preaaure  cauaed  by  aand  entering  the  core  tube  at  the 
bottom.  The  diver  preaaea  the  tube  into  the  bed  by  pushing 
on  the  handle  at  the  other  end.  Once  the  tube  haa  been 
preaaed  into  the  bed  aeveral  centimeters,  the  valve  is 
closed,  causing  the  constant  preaaure  within  the  device  to 
hold  the  aand  in  the  tube.  The  device  is  then  pulled  from 
the  bed.  and  the  bottom  of  the  tube  is  capped.  The  sand 
core  obtained  ia  4  cm  in  diameter  and  5  to  15  cm  in  length, 
depending  on  how  far  into  the  bed  it  was  pushed. 

3.3  Experimental  methods 

On  each  potential  experiment  day  wave  conditions 
were  examined  to  determine  whether  conditions  were  optimum 
for  a  tracer  experiment.  The  waves  had  to  be  sufficiently 
high  to  induce  carpet-flow  motion  of  the  sand  outside  the 
breakers,  but  not  so  high  as  to  make  it  impossible  for 
scuba  divers  to  work.  Also  good  underwater  visibility  was 
necessary.  Part  of  the  experiment  consisted  of  taking 


aa 


Figure  3-6.  Tha  sand  bsd  coring  dsvics  ussd  in  all 


•xp«ri*snt.a  (from  Zampol  and  Waldorf,  1967) 


under we ter  photographs  of  tho  tracer  on  tho  sand  bad*  in 
ordar  to  hava  a  check  on  tha  core-seaple  aaasuraaanta  of 
transport  valocity.  If  tha  conditions  of  carpet-flow 
outaida  tha  braakara  and  good  visibility  wars  mat*  an 
axpariaant  was  attaaptad. 

Experiaenta  conaiatad  of  aaasuraaanta  of  fluid 
quantitiaa  (praaaura  and  valocity)  and  aadiaant  quantities 
(valocity*  transport  thicknasa,  grain  size*  and  baach 
slops).  At  Torray  Pinaa  tha  fluid  praaaura  and  valocitiaa 
wars  aaaaurad  froa  fixad  inatruaanta  as  daacribad  in 
Saction  3.2.1.  Savaral  aatara  longshore  of  tha  currant 
aatar,  natal  pipaa  had  baan  aat  in  tha  aand.  Thara  wars 
fiva  pairs  of  pipaa  with  ropes*  astabliahing  five  croaahora 
lines.  Flags  attached  to  tha  ropaa  at  half-aeter  intervals 
provided  a  aaapling  grid  of  known  horizontal  coordinates. 

In  tha  1964  expariaanta  at  SIO  tha  praaaura  aanaor 
and  two  currant  aatara  ware  placed  on  a  aobila  aatal  fraaa 
(Figure  3-4)  which  was  anchored  in  tha  aand  bad.  Tha  grid 
for  core  aaapling  was  established  by  flags  attached  to  1  aa 
disaster  aatal  roda  inaartad  in  tha  aand  bad  at  aaaaurad 
half-aatar  intervals  (Figure  3-7) .  Tha  aatal  roda  ware  not 
observed  to  cause  any  acour  in  tha  bad.  Tha  fluid  sanaora 
and  tha  cora-aaapling  grid  wars  at  tha  aaaa  croaahora 
location . 

In  both  tha  Torray  Pinaa  and  SIO  expariaanta  tha 


aaaa  aaquanca  of  events  was  followed 


Sensors  were 


Figure  3-7.  Experimental  layout,  for  tha  SIO  experiments. 
Tha  lnatruaant  fraaa  and  aaapllng  grid  ware  always 


longshore  of  each  other.  A  cable  led  from  the  frame  back 
to  the  pier. 


91 


connected,  the  grid  of  eeepllng  locations  wet  eetabliahed, 
the  aend-tracer  injection  device  (Figure  3-5)  wta  loaded 
with  wetted  dyed  aand,  and  dlvera  injected  the  tracer  onto 
the  bed.  Thia  injection  waa  perforaed  twice  with  different 
colors,  at  1.5  a  offshore  of  the  grid  centei  and  at  1.5  a 
onshore  of  the  center.  This  provided  essentially  two 
simultaneous  tracer  experiments.  An  experiment  consisted 
of  two  to  five  grids  of  core  samples,  providing  four  to  ten 
estimates  of  transport.  (Two  colors  were  used.) 

Throughout  each  experiment,  the  motion  of  the  top  layer  of 
tracer  could  be  seen.  Before  the  next  set  of  samples  were 
taken,  the  locations  for  sampling  would  often  be  changed 
from  the  previous  set,  in  order  to  monitor  the  tracer 
motion  as  completely  as  possible.  This  ability  to  change 
sample  locations  based  on  visual  observation  of  the  tracer 
notion  is  a  major  advantage  of  our  experiments  over 
experiments  others  have  performed  in  the  surf  zone.  It  is 
not  necessary  to  guess  where  most  of  the  tracer  is. 

The  determination  of  both  fluid  and  sediment 
velocities  required  accurate  knowledge  of  the  compass 
orientation  of  both  current  meters  and  the  aand  sampling 
grid.  Divers  established  compass  orientations  for  both  the 
instrument  frame  and  the  rangelines  of  flags  in  the 
sampling  grid  by  sighting  through  an  underwater  compass 
along  the  frame  and  the  line  of  flags.  In  the  one 
experiment  in  which  the  orientations  of  the  frame  and  line 


of  flogs  differed  by  more  than  ona  degree.  the 
eurront.-iiot.or  velocity  records  wore  later  rotated  to  the 
aeae  orthogonal  lines  as  the  sand  grid. 

In  the  Torrey  Pines  experiaenta  both  the  sensor 
orientations  and  sand-saspllng  grid  orientation  were 
rigidly  set  before  experiment.  In  both  cases  the 
orientations  wars  recorded  with  an  alectronic  coapasa 
(reading  to  tanths  of  a  degree),  which  was  rigidly  attached 
to  instrument  mounting  pipes  or  sand  grid  pipes  during 
readings. 

In  conjunction  with  the  tracer  measurements,  data 
were  also  obtained  on  aedlment  concentration  N0.  sand  size 
distributions,  net  erosion/aceretion.  and  beach  slope.  In 
order  to  measure  both  beach  slope  and  erosion,  a  grid  of 
2-meter  long  brass  reference  rods  was  permanently 
established  in  the  sand  bed  on  three  100  a  long  crosshore 
ranges.  Fathometer  surveys  established  a  baseline  beach 
profile.  Then  divers  measure  the  distance  between  the  top 
of  the  rod  and  the  sand  bed  to  provide  a  racord  of  the 
level  of  sand  accurate  to  1  cm.  Together  with  the 
fathometer  profiles,  thase  maaaurementa  provide  a  history 
of  beach  prof lias  at  tha  alts.  Referance  rods  were 
measured  during  each  experiment  to  provide  slope  and 
erosion  eatlmataa  for  each  axperiment.  The  beach  slopes 
used  in  tha  bedload  models  ware  determined  by  measuring  tha 
slopes  on  tha  ref aranca-rod  profiles  for  each  experiment 


over  tha  region  narked  "tracer  grid"  end  "seapling  sites'* 
on  Figures  0-2)  end  0-3).  Fortunately  none  of  the 
experiaenta  took  place  near  a  noticeable  change  in  slope. 
Interpolations  in  tlae  were  aade  between  profiles  to 
coincide  with  tracer  experiaenta. 

Individual  depth  aeaaureaenta  froa  a  fathoaeter 
record  are  very  inaccurate.  A  study  of  fathoaeter  and 
reference-rod  aethoda  by  Inaan  and  Ruanak  (1956)  showed 
accuracy  of  corrected  fathoaeter  surveys  was  ±15  ca  and 
reference-rod  accuracy  was  ±1.5  ca.  However,  over  regions 
of  slowly  varying  beach  slope,  randoa  (wave-induced)  error 
in  fathoaeter  records  will  average  out  over  aany  saaple 
points.  Any  offset  error  will  effect  depth  aeaaureaenta 
but  not  slope  estiaates.  Only  gain  errors  in  the 
lnstruaent  and  very  long  period  (alnutea)  wavelike  notions 
will  effect  the  accuracy  of  beach  slope  aeaaureaenta. 

These  profiles  are  used  to  obtain  estiaates  of  beach  slope, 
a  quantity  which  appears  in  three  of  the  bedload  aodels 
described  in  Section  2.3.  None  of  these  aodels  is  very 
sensitive  to  beach-slope  error.  Sensitivity  was  estlaated 
for  the  23  June  1960  experiaent  by  coaputing  transport  for 
the  aeasured  beach  slope  of  1.66  degrees.  1.76  degrees  <6* 
slope  error),  and  2.16  degrees  (30*  slope  error).  The 
results  indicate  that  error  in  coaputed  transport  is 
several  tiaea  leas, than  error  in  the  beach  slope.  The 
(beach-alope  error )/ (transport  error)  ratio  ia  about  the 


mm  for  tho  two  COMO  of  6*  and  30*  error  in  elope.  Tho 
ratio  ia  20:1  for  tha  Bagnold  (croaahora)  nodal,  8:1  for 
tha  Ballard  and  Innan  croaahora  nodal,  no  tranaport  arror 
In  tha  Ballard  and  Innan  longahora  nodal  alnca  it  haa  no 
baaeh-alopa  dapandanca,  and  6:1  for  tha  Kobayaahi  croaahora 
and  longahora  nodal a. 

Quita  indapandantly  of  tha  fathoaatar  profilaa, 
before-and- after  reference-rod  neaaurananti  alao  provida  a 
record  of  not  aroaion  or  accretion  during  tha  tracer 
experiment.  During  none  of  tha  experiaenta  aroaion  waa 
aaaaurad  at  one  and  of  tha  rafaranca-rod  grid  and  accretion 
at  tha  other  and.  Sand-level  changaa  auggaat  tranaport 
away  froa  aroaion  aitaa  and  toward  accretion  altaa.  Thia 
holda  true  if  tha  divergence  of  longahora  tranaport  ia 
aaall,  which  ia  tha  caaa  if  tha  aita  ia  not  near  large 
topographical  faaturaa  auch  aa  haadlanda.  Thia  ia  another 
check  on  tha  tranaport  diractiona  obtained  fron  tha  tracer 
experiment. 

Li _ Ptti  rtdBstlon 

Tha  praaaura  and  valocity  naaaurananta  ware  aaapled 
at  16  Hz  and  recorded  on  analog  tape.  Occaaional  aharp 
apikaa  in  tha  data,  which  wara  clearly  matrunant-ralatad, 
ware  ranovad.  Such  apikaa  occurred  once  every  aavaral 
ninutaa  in  tha  currant  racorda  and  even  aora  rarely  in  tha 


praaaura  record 


Tha  following  Mdiaant  variablas  wars  aaasurad: 
at-raat  aadlaant  concantration,  aand  alza  distribution  of 
both  dyad  and  in-situ  aand,  aroaion/accration ,  baach  alopa, 
sand  valocity,  and  transport  thicknaaa.  Hathoda  for 
dataraining  concantration,  aroaion,  and  baach  alopa  hava 
alraady  baan  daacribad.  Tha  aand  aiza  distributions  wars 
aaaaurad  using  standard  slaving  aathoda  of  driad  aand. 

Tha  aand -transport  valocity  and  thicknaaa  (neadad 
in  Equation  2.1)  wars  obtalnad  froa  tha  dyad-aand 
concantrationa  in  aach  of  tha  cora  aaaplaa.  Each  aand  cora 
was  axtrudad  using  an  axtruaion  davica  daacribad  in  datall 
by  Zaapol  and  Waldorf  <19d7>.  During  axtruaion  tha  davica 
raaovad  tha  outar  3  aa  annulus  which  contains  dyad  aand 
puahad  into  tha  bad  during  coring.  Tha  raaultlng  cora  had 
a  4. 23  ca  dlaaatar.  Vartical  thlcknaaaas  of  aach 
horizontal  allca  wars  0.23  ca  for  tha  top  4  ca  of  tha  cora, 
0.3  ca  for  4-6  ca  daap,  and  1  ca  for  daapar  alicaa.  Each 
cora  alica  was  rlnaad  to  raaova  salt,  driad  in  an  ovan,  and 
than  apraad  on  a  counting  grid.  Undar  ultraviolat  light, 
tha  nuabar  of  dyad  grains  of  aach  color  in  aach  cora  allca 
wara  visually  countad  and  racordad,  along  with  tha  total 
aaaa.  Thaaa  nuabara  ylaldad  concantrationa  in  nuabara  of 
dyad  grains  par  unit  aaaa.  This  vartical  distribution  of 
tracar  was  usad  in  coaputing  transport  thicknaaa,  wharaas 
tha  total  tracar  in  aach  cora  was  uaad  in  dataraining 
horizontal  transport  valocity. 


4 .  RESULTS 


1 a1 _ WlVM 

Tha  gcntral  wavt  and  tidal  conditiona  di  'ing  aach 
of  tha  nina  tranaport  axpariaanta  ara  liatad  in  Tabla  4-1. 
Tidaa  during  thia  pariod  wara  datarainad  from  a  gauga  in 
continuoua  oparation  at  tha  and  of  Scrippa  piar.  Tha  ranga 
in  Tabla  4-1  ia  tha  total  ranga  of  tha  tida  during  tha 
four-hour  axpariaant.  Ona  concarn  about  tha  tidaa  waa  that 
thay  would  influanca  in  aoaa  aannar  tha  diraction  of  tha 
croaahora  aadiaant  tranaport  (onahora  or  offahora) ,  aa 
ahown  by  Znaan  and  Ruanak  <1956).  Tha  axpariaanta  aaaaurad 
offahora  aadiaant  tranaport  on  two  daya  (3  Auguat  1964  and 
29  Auguat  1984)  and  onahora  in  tha  othar  daya.  For  tha 
axpariaanta  racording  offahora  tranaport,  tha  tida  waa 
riaing  in  ona  caaa  and  falling  in  tha  othar.  For  tha  nina 
axpariaanta  liatad  in  Tabla  4-1  thara  appaara  to  ba  no 
corralation  batwaan  tidal  ranga  or  ataga  and  tha  diraction 
of  tranaport.  Of  couraa  tidaa  auat  ganarally  influanca 
tranaport.  Otharwiaa  aueh  morphological  faaturaa  aa 
low-tlda  tarracaa  and  braakar  bara  would  not  ba  praaant. 
Howavar,  our  axpariaanta  took  placa  during  a  tiaa  pariod 
(about  four  houra)  aoaawhat  ahortar  than  a  tidal  cycla  and 
oftan  on  ralativaly  flat  portlona  of  tha  tidal  curva.  Alao 
thara  appaara  to  ba  a  aaaaonal  pivot  point  in  tha  baach 
profila  ]uat  offahora  of  tha  daptha  at  which  wa  workad . 


Table  4-1.  Tides  and  waves 


m 

I 


Date 

Tide 

Depth 

Peak 

Uncorrected  i 

Range 

Stage 

h 

Period 

Wave  Height 

<ca> 

(cm) 

T 

Hp  (cm) 

(a) 

Sig.  Mean 

23JunS0 

61 

R 

230 

7.7 

70  44 

HAugdO 

52 

FR 

260 

22.7 

39  42 

12Sep80 

21 

RF 

280 

13.7 

57  36 

29Sep80 

46 

F 

250 

17.0 

59  37 

3Aug84 

37 

R 

500 

9.1 

87  54 

10Aug84 

24 

F 

310 

10.0 

67  42 

29Aug84 

82 

F 

430 

10.0 

54  34 

26Sep84 

106 

F 

320 

11.4 

52  33 

300ct84 

37 

RF 

430 

6.7 

47  29 

Date  Surface 

-Corrected 

Orbital 

Maximum 

Wave 

Height 

Diameter 

Orbital  l 

H  (cm) 

do 

Velocity 

Sig. 

Hean 

(cm) 

U| 

(cm/s) 

_ (Eg.  4.1) _ 

(Ea.  4.2) 

23Jun80 

91* 

57* 

141 

58 

HAugdO 

42 

26 

182 

25 

12Sep80 

75* 

47* 

191 

44 

29Sep80 

75 

47 

251 

46 

3Aug84 

113 

71 

139 

48 

10Aug64 

83 

52 

145 

46 

29Aug84 

69 

43 

101 

32 

26Sep84 

72 

45 

141 

39 

300ct84 

61 

38 

58 

27 

* :  Wavaata££a  used  to  obtain  surface  wave  heights. 

Tldsl  Stage: 

F«£ ailing 
R-rising 

FR«falling,  then  rising 
RF*rialng,  then  £alling 


Aubrey  <1979)  documented  e  pivot  point  at  6  m  depth  at 
Torrey  Pinee  Beach  where  our  I960  experiments  took  place. 

The  data  from  the  near -bottom  pressure  sensors  and 
surf ace-piercing  wavestaffs  were  used  to  compute  the 
following  parameters:  nesr-bottom  pressure  converted  to 
wsve  height  <Hp) ,  surfsce-corrected  wave  height  H,  mean 
depth  h,  peak  spectral  period  T,  near-bottom  orbital 
diameter  do*  end  near-bottom  maximum  orbital  velocity  u». 

Of  these  quantities  the  only  ones  which  are  used  in  the 
tested  bedlosd  models  are  orbital  diameter  [in  the  Sleath 
(1978),  Hallarmeier  (1980),  and  the  dimensional -analysis 
models]  and  maximum  orbital  velocity  Cin  one  version  of  the 
Bagnold  (1963)  oscillatory -flow  model].  Both  quantities 
are  also  used  in  empirical  correlations  with  transport 
thickness  (Section  4.4). 

The  peak  spectral  period  was  obtained  from  the 
spectra  of  the  pressure  sensor  and  wavestaff  data  (Appendix 
4).  The  mean  depth  h»  <p/>og)  ♦*  where  p  is  the  mean  pressure 
signal  and  z  the  sensor  height  above  the  bed.  The 
near-bottom  wave  height  in  units  of  cm  (Hp)  was  not  surface 
corrected.  At  SXO  the  sensor  was  at  the  experiment  site, 
whereas  at  Torray  Pines  some  horizontal  interpolation 
between  sensors  was  required.  The  significant  Hp  were 
computed  as  four  times  the  square  root  of  the  variance  of 
the  pressure  signal  divided  by  the  conversion  factor  yog. 

The  mean  Hp  is  the  significant  Hp  divided  by  1.6.  The 
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uppar  cutoff  frsqusncy  UMd  in  ths  suaaation  of  ths 
varianca  was  0.4  Hz,  axcapt  for  29  Ssptssbsr  1960  for  which 
ths  praaaura  data  froa  another  invsst.igat.or '  s  ssnsor  wars 
uasd .  Ths  apsctrs  froa  that,  ssnsor  had  slrssdy  bssn 
coaputad  with  a  cutoff  frsqusncy  of  0.23  Hz. 

Prsssurs  signals  asasursd  nsar  ths  bsd  ars  daapsd 

as  a  function  of  frsqusncy.  Ths  wavs  hsights  listsd  in  ths 

lowsr  half  of  Tabls  4-1  ware  obtainsd  by  first 

surf acs-corrscting  ths  sntirs  prsssurs  apsctra  with  ths 

corrsction  factor  cosh Cktz^h) 3 /cosh  <kh> .  Ths  asas 

procsdurs  that  was  usad  to  obtain  Hp  was  than  applisd  to 

ths  surf acs-corrsctsd  data  to  obtain  Haig  *  4  [(prsssurs 

variance) 0-3] /yog.  Thsas  wavs  hsights  wars  than  ussd  to 

sstiasts  orbital  disastsr  and  asxiaua  orbital  vslocity  nsar 

ths  bsd.  Ths  orbital  disastsr  is: 

do  *  H««»n  (4.1) 

ainh  (kh) 

whsrs  k  is  ths  wavs  nuabsr  of  ths  spsctral  psak.  Ths 
asxiaua  orbital  vslocity  was  coaputad  froa: 

um  *  w  do  /  T  (4.2) 


whsrs  T  is  ths  psak  spsctral  psriod. 

Ths  spsctral  psak  raaainad  ths  asms  aftsr 
surf acs-corrscting  for  all  sxpsrimants.  In  soaa  of  ths 
Torrsy  Pinas  sxpsrimants  wavsstaffs  wars  locatsd  clossr  to 
ths  sxpsriasnt  sits  than  wars  prsssurs  ssnsors.  In  thass 
cassa  (indicated  with  an  aatsrisk  in  Tabls  4-1),  ths  wavs 
hsights  wsrs  computed  directly  from  ths  wavsstaff  variancs 


without  aurfaca'corrvcting,  sine*  wavaataffa  are  already 


1 oca tod  at  tha  surface. 

±t2 _ Currants 

Savaral  diffarant  first-ordar  valocity  soaants  wara 
eomputad  froa  tha  currant  aatara  and  ara  listad  in  Tabla 
4-2 .  Tha  currant  satars  at  tha  aasa  crosshora  location  as 
tha  tracar  axpariaant  wara  usad  to  obtain  sonants 
corresponding  to  tha  tina  pariod  covarad  by  aach  tracar 
sampling  grid.  For  example,  tha  four  rows  of  moments  for 
tha  23  June  I960  axparimant  wara  obtained  by  averaging  tha 
currant  velocities  over  tha  tine  ranges  of  tracar  injection 
until  tha  tiaa  of  first  tracar  sampling,  than  tracar 
injection  until  tha  second  sampling,  ate. 

Tha  total  valocity  was  computed  as  uy*< <u2»v2)0. 5> , 
Tha  threshold  valocity  necessary  to  initiate  sand  motion 
was  computed  froa  tha  methods  of  Dingier  and  Inman  (1976) 
and  Seymour  (1965)  described  in  Section  1.1.  Thera  was  an 
average  16*  difference  in  tha  thraahold  valocity  obtained 
from  these  two  diffarant  methods.  Whan  applied  to  badload 
aquations,  tha  resulting  difference  in  transport  was  lass 
than  1st  for  tha  two  different  methods  of  computing 
threshold  valocity.  Tabla  4-1  gives  threshold  values 
according  to  Inman  (1979),  our  Equation  (1.3). 

In  addition  to  computing  tha  orbital  diamatar  d0 
and  maximum  orbital  valocity  uR  from  tha  pressure  data  in 
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Table  4-2.  Current  Velocities 


(Positive  u  is  onshore,  positive  v  to  the  north.) 


Oste  Mean  Velocity  Total  Threshold  Max.  Orbital 

<c»/s>  Velocity  Velocity  Orbital  Dia. 

u  v  ut  ut  (ca/a)  Velocity 

Onshore  Longshore  (cs/a)  Eq.(1.3)  Seymour  u*  dQ 

(1985)  (ci/s) <c*> 


23Jun80  2.8 

0.4 
-0.3 
0.3 

HAug80  0.9 

1.2 

1.4 

1.5 
1.4 
1.3 

12Sep80  -0.5 


HAug80 


-0.7 

-0.6 

-0.5 

-0.8 

-0.9 


26.6 

26.0 

24.8 

24.3 

13.3 
13.7 
13.6 

13.6 

13.7 

13.8 

11.6 

11.9 
12.1 
12.1 
12.0 
12.0 


3Aug84  -8.3 

-8.1 

10Aug84  10.5 
8.5 

29Aug84  -8.5 


26Sep84 


300ct84 


-8.8 

-8.5 

5.5 
4.7 
4.4 

1.6 
1.9 
1.9 
1.6 


28.5 

27.7 

27.7 
26.4 
18.9 
19.0 
19.1 

19.1 

20.1 

21 . 3 

16.4 

16.8 
17.2 

17.4 


ut«<  <u2*v2)0.5> 


Um*2< (total  variance) >0.5 


do*uj»T /  n 


35.7  34 


36.5  20 


33.7  36 


27.9 


27.4 


24.3 


25.9 


19.8 


64.9 

63.0 

60.1 

58.6 
30.8 
31.0 

30.8 
31.0 

31.2 

31.4 

26.6 

26.5 

26.6 

26.2 
26.2 

26.8 


68.7 
66.5 

63.4 
61.2 

44.5 

45.1 

45.7 
44.5 
46.9 

49.7 
jo  .  8 

39.3 

40.1 

40.4 


•;> 


U 


i 


£ 


a 

I 


c. 


B 


% 

ft 

f 

i 


i 


Is 


!*V 


l!i 


RS 


k 


I 


B 


Table  4-1,  we  did  so  with  the  currant-matar  data  in  Tabla 
4-2.  Maximum  orbital  valocity  u»  waa  estimated  aa  two 
tiaaa  tha  aquara  root  of  tha  total  valocity  varianca.  Thia 
ia  an  analogy  with  tha  aathod  for  coaputing  aignificant 
wava  haight.  Tha  factor  of  two  appaara  inataad  of  the 
factor  four  in  aignificant  wava  haight,  bacauaa  wava  haight 
ia  a  aaaaura  of  trough-to-creat  wharaaa  um  rapraaanta 
departure  from  the  mean.  Tha  orbital  diameter  d0  waa 
obtained  from  the  un  eatimate  uaing  dosuMT/«. 

There  ia  aoma  queation  aa  to  how  well  theae 
maaaurementa  repreaent  the  currenta  near  the  aand  bad. 

Some  tranaf ormation  of  velocitiea  takes  place  within  tha 
boundary  layer.  Sleath  (1970)  found  that  the  boundary 
layer  thickness  for  hia  laboratory  experiments  on 
oscillatory  laminar  flow  over  a  flat  stationary  aand  bed 
waa: 

&  a  a  <2 v/o-)°*5  (4.3) 

where  a  la  a  dimenalonleaa  parameter  between  1  and  10, 
varying  aa  a  function  of  the  Revnold'a  number.  Applying 
the  1-10  range  in  “a"  to  the  peak  frequencies  in  our 
experiments.  Equation  (4.3)  suggests  the  boundary  layer  in 
our  axparimanta  ranged  between  0.15  and  2.8  cm.  Evan 
though  Sleath' a  boundary  layer  waa  laminar  and  ours 
turbulent,  it  is  difficult  to  believe  that  thia  difference 
would  increase  the  boundary  layer  thickness  by  more  than 


the  order  of  magnitude  neceaaary  to  place  our  currant 
aatara  in  tha  boundary  layer. 

One  quaation  we  auat  addraaa  la  whether  there  la 
aufficient  vertical  variation  in  the  horizontal  fluid 
velocitiea  outaide  the  boundary  layer  that  it  aattera  where 
we  place  the  current  aetera.  The  available  data  auggeat 
that  thera  ia  little  variation  in  horizontal  velocitiea 
within  the  meter  of  fluid  cloaeat  to  the  bed,  but  outaide 
the  boundary  layer.  Unf ortunately ,  aoat  of  the  work  on 
thia  queatlon  haa  addraaaed  velocity  variation  within  the 
aurf  zone,  and  little  work  haa  been  done  juat  outaide  the 
breakera.  Quant if ication  of  the  phenomenon  known  aa 
"undertow"  haa  been  the  focua  of  aeveral  laboratory 
lnveatigatlona  within  the  aurf  zone  (LeMehaute  at  al,  1968; 
Hanaen  and  Svendaen,  1984;  Svendaen,  1984)  and  two  field 
atudiea  (Inman  and  Quinn,  1992;  Stive  and  Wind,  1986).  The 
inveatigatora  found  aignlf leant  variation  of  the  horizontal 
velocity  field  between  the  upper  and  lower  parta  of  the 
water  column  in  aoma  caaea  (i.e.,  under  breaking  wavea) , 
but  variation  of  the  mean  velocity  within  the  bottom 
quarter  of  the  water  column  waa  leaa  than  10*  (Stive  and 
Wind,  1986,  Figure  4) .  Praaumably  vertical  variation  of 
horizontal  velocity  outaide  tha  aurf  zone  would  be  even 
leaa.  Thia  ia  now  an  active  area  of  inveatigation  (Doering 


Tha  praaanc*  of  aora  than  ona  currant  aatar  allows 
aatiaation  of  aaaauraaant  arror.  Comparisons  of  tha 
currant  aatar  signals  for  tha  thraa  SIO  axpariaants  in 
which  both  currant  aatara  wara  working  ara  summarized  in 
Tabla  4-3.  Tha  sonants  wara  coaputad  both  with  and  without 
a  thrashold  critarion.  Tha  first  through  sixth  sonants 
pradict  tha  aaaaurad  crosshora  transport  diraction  only  70* 
of  tha  tine.  but  corractly  pradict  diraction  in  all 
axpariaants  whan  a  thrashold  is  appliad.  Accordingly,  tha 
aoaants  listad  in  Tabla  4-3  wara  coaputad  ignoring  all 
valocitias  balow  thrashold  in  tha  tiaa  sarias: 

<un>  *  <sgn(u)  luln>  for  all  ut  >  ut. 

*  0  for  all  ut  <  ut  <4. 4) 

whara  I  I  indicates  absolute  value.  <  >  tiaa  averaging,  and 
ut  is  tha  total  instantaneous  velocity  ut*  <u2*-v2>0.5.  Tha 
percent  difference  is  tha  difference  between  tha  two 
sensors  divided  by  tha  average.  Thera  is  lass  than  5x 
difference  in  tha  first,  second,  and  third  velocity 
moments.  Tha  difference  in  tha  higher  moments  is  larger, 
rising  to  20X  for  tha  sixth  moment.  Since  measurement 
difference  is  also  exponentiated,  it  is  expected  that  tha 
difference  will  increase  with  the  higher  moments.  Somewhat 
surprisingly,  the  square  root  of  velocity  had  the  highest 
difference.  31*. 

Tha  moments  used  in  the  transport  models  tested 
cannot  always  be  classified  exactly  as  u3,  u4,  etc.,  since 
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Tabla  4-3.  Comparison  of  Croaahora  Moaants  from 
Radundant  Currant.  Matara 

(Each  of  tha  sight  axpariaanta  corraaponda  to  tha  tlaa 
during  during  which  a  tracar  grid  aaaaurad  aand  transport.) 


Expariaant  Sanaor  Moaant:  <un>  <Eq.  4.4)  in  (ca/a)n 


n  * 

0.5  1 

2 

2 

xlO 

3 

3 

xlO 

4 

5 

xlO 

5 

7 

xlO 

«0 

vO  O 

H 
X 

10Aug84  #1  CM2 

1.03  7.45 

4.29 

25.2 

15.8 

10.7 

77.5 

CM3 

.866  7.21 

4.13 

24.5 

15.5 

10.7 

78.5 

x  Diffaranca 

17.3  3.3 

3.8 

2.8 

1.9 

0.0 

-1.3 

#2  CM2  - 

.612  6.14 

3.62 

21.7 

14.0 

9.75 

74.2 

CM3  - 

.223  6.07 

3.52 

21.0 

13.5 

9.46 

71.4 

x  Diffaranca 

93.2  1.2 

2.8 

3.3 

3.6 

3.0 

3.9 

29Aug84  #1  CM2  - 

.777  -6.37 

-2.33 

-9.15 

-3.85 

-1.73 

-8.23 

CM3  - 

.799  -6.69 

-2.34 

-8.69 

-3.43 

-1.43 

-6.27 

x  Diffaranca 

2.8  -4.9 

-0.4 

5.2 

11.5 

19.0 

27.0 

#2  CM2  - 

1.23  -6.44 

-2.35 

-9.13 

-3.79 

-1.67 

-7.78 

CM3  - 

1.27  -6.65 

-2.31 

-8.52 

-3.32 

-1.36 

-5.87 

x  Diffaranca 

-3.2  -3.2 

1.7 

6.9 

13.2 

20.5 

28.0 

#3  CM2  - 

.415  -6.28 

-2.33 

-9.18 

-3.84 

-1.69 

-7.72 

CM3  - 

.548  -6.49 

-2.29 

-8.56 

-3.36 

-1.37 

-5.78 

x  Diffaranca 

-27.6  -3.3 

1.7 

7.0 

13.3 

20.9 

28.7 

26Sap84  #1  CM2 

.857  4.02 

1.61 

7.00 

3.28 

1.67 

9.21 

CM3 

.881  4.26 

1 .61 

6.53 

2.82 

1.30 

6.28 

X  Diffaranca 

-2.8  -5.8 

0.0 

7.0 

15.1 

24.9 

37.8 

#2  CM2 

.0349  3.63 

1.50 

6.71 

3.25 

1.70 

9.60 

CM3 

.0808  3.95 

1.55 

6.60 

3.03 

1.50 

7.92 

x  Diffaranca 

-79.3  -8.4 

-3.3 

1.7 

7.0 

12.5 

19.2 

#3  CM2 

.515  3.59 

1.56 

7.35 

3.78 

2.10 

12.6 

CM3 

. 650  3 . 85 

1.60 

7.21 

3.55 

1.89 

10.9 

X  Diffaranca 

-23.2  -7.0 

-2.5 

1.9 

6.3 

10.5 

14.5 

Avaraga  of  abaoluta 

valuaa  of 

X  Dif. 

for  tha  8  axpariaanta: 

31.2  4.6 

2.0 

4.5 

9.0 

13.9 

20.1 

Standard  daviation 

of  tha  x  Dlf.  for 

tha  8 

axpariaanta 

• 

• 

33.2  2.2 

1.3 

2.2 

4.6 

8.4 

12.0 

the  models  art  in  sons  caaaa  quit*  complicated  functions  of 


tha  fluid  valocity.  These  moments  were  computed  according 
to  the  model  equations  in  Section  2.3.  In  some  cases  the 
models  specify  application  of  a  threshold  criterion  by 
including  the  factor  u-ut  end  specifying  that  values  of 
luicut,  are  to  be  ignored  (Meyer-Peter  and  Mueller,  1946; 
Yalin,  1963;  Kobayashi ,  1962;  Sleath,  1976).  For  all  the 
remaining  models  we  computed  the  moments  according  to  the 
model  equation  (which  did  not  contain  a  threshold 
criterion)  and  also  according  to  Equation  (4.4).  The 
latter  method  is  listed  in  Table  (4-4)  aa  "with  ut,.'* 

The  percent  difference  in  the  velocity  moment 
required  by  each  model  (Table  4-4)  is  3*  or  less  for  the 
Bagnold  model  and  the  Ballard  and  Inman  model,  about  lOx 

i 

for  the  other  u3  models,  10-15*  for  the  u*  and  u3  models, 
and  about  20*  for  the  u6  models.  The  trend  of  increasing 
error  with  higher  moment  is  the  same  as  for  the  individual 
moments  computed  in  Table  4-2,  but  some  interesting 
differences  appear  between  the  models  that  are  classified 
in  the  same  moment  category.  For  example,  the  Bagnold 
model  and  Bailard  and  Inman  modal  contain  somewhat  leas 
error  than  the  other  u3  models,  which  contain  vary 
complicated  functions  of  u. 

Another  source  of  maaaurament  error  examined  was 
the  sensitivity  of  transport  calculations  to  measurement  of 
the  mean  velocity.  All  transport  models  retain  tha  mean 


Table  4-4.  Effect  of  Error  in  Fluid-Velocity  Heeeureeent 
on  Predicted  Transport  froa  Models 
(Computed  transport  in  dynes/ <ca-a>  is  listed  for  each 
sensor  followed  by  *  difference  between  the  two.) 

Part  A:  u$  models 

Experlwent  Sensor  Computed  Transport  Cdvnes/ <cm-»> 3 _ 

Ballard  Bsgnold  Meyer-  Yslin  Koba- 

&  Inman  Peter  yashi 

&  Mueller 

_ with  ut _ with  ut _ 


10Aug84  #1  CM2 

80.4 

57.2 

68.6 

65.0 

80.7 

451.9 

11.8 

CM3 

58.2 

55.4 

65.4 

62.1 

79.0 

442.3 

11.4 

x  Difference 

3.7 

3.2 

4.8 

4.5 

2.1 

2.2 

3.9 

#2  CM2 

52.2 

49.9 

58.8 

55.6 

70.8 

396.3 

10.2 

CM3 

50.4 

48.6 

56.7 

54.0 

68.7 

385.0 

10.3 

x  Difference 

3.4 

2.6 

3.7 

3.2 

3.0 

2.9 

-0.3 

29Aug84  #1  CM2 

-27.6 

-25.4 

-25.6 

-24.0 

-21.3 

-153.9 

-4.9 

CMS 

-27.1 

-24.7 

-24.0 

-22.3 

-18.3 

-132.4 

-4.4 

x  Difference 

1 .9 

2.6 

6.8 

7.1 

15.2 

15.0 

11.6 

#2  CM2 

-27.5 

-25.2 

-25.5 

-23.7 

-20.9 

-151.1 

-5.5 

CMS 

-26.5 

-24.0 

-24.0 

-22.1 

-17.6 

-127.1 

-4.8 

x  Difference 

3.8 

4.7 

6.3 

6.9 

17.4 

17.3 

13.8 

•3  CM2 

-27.4 

-25.2 

-25.4 

-23.7 

-21.5 

-155.4 

-6.0 

CM3 

-26.3 

-24.1 

-23.8 

-22.1 

-18.1 

-131.2 

-5.1 

x  Difference 

4.0 

4.8 

6.4 

6.9 

17.0 

16.9 

15.7 

26Sep84  #1  CM2 

18.6 

17.5 

20.6 

19.2 

17.2 

98.7 

2.4 

CM3 

18.0 

16.9 

18.7 

17.6 

14.4 

82.7 

1.9 

x  Difference 

3.6 

3.3 

9.7 

9.0 

17.9 

17.6 

22.8 

#2  CM2 

17.2 

16.4 

19.3 

18.2 

17.3 

98.9 

2.3 

CMS 

17.6 

16.9 

18.8 

17.9 

15.8 

90.7 

1.9 

x  Difference 

2.1 

2.8 

2.7 

1 .6 

8.8 

8.7 

16.6 

#3  CM2 

18.2 

17.7 

20.7 

19.9 

20.3 

116.4 

2.9 

CMS 

18.5 

18.0 

20.1 

19.5 

16.9 

108.1 

2.5 

X  Difference 

1.6 

2.0 

2.6 

2.0 

7.5 

7.4 

13.9 

Average  of  absolute  values  of  x  Dif.  for  the  8  experiaenta: 

3.0  3.3  5.4  5.2  11.1  11.0  12.3 


Standard  deviation  of  the  x  Dif.  for  the  8  experiaenta 


Table  4-4.  Effect  of  Error  In  Fluid-Velocity  Meaoureaent 
on  Prodi.ct.od  Tronoport  from  Model a 
(Cooputod  tronoport  In  dyneo/<ca-o)  io  lioted  for  ooch 
oonoor  followed  by  *  dlfforonco  botwoon  tho  two.) 

Port  B:  u4  and  u5  oodolo 

(Slooth  ond  Hollornoior  oro  u*  oodolo  ond  Honoo  &  Bowon  u5 ) 


Exporloont  Sonoor  Cooputod  Tronoport  tdvneo/ <co-o> 3 


Slooth 

Holleraeier 
_ with  u» _ 

Haneo  6  Bowen 
with  u* 

10Aug84  #1  CM2 

1.72 

2.50 

2.50 

52.1 

51.8 

CM3 

1.71 

2.42 

2.37 

51.2 

50.9 

*  Difference 

0.8 

3.3 

1.8 

1.8 

1.8 

#2  CM2 

1 .54 

2.19 

2.15 

47.3 

47.0 

CM3 

1.50 

2.13 

2.09 

45.8 

45.6 

x  Difference 

2.8 

2.8 

2.8 

3.1 

3.1 

29Aug84  #1  CM2 

-0.27 

-0.86 

-0.83 

-8.28 

-8.17 

CM3 

-0.22 

-0.75 

-0.73 

-6.75 

-6.65 

X  Difference 

20.4 

13.7 

12.8 

20.4 

20.5 

#2  CM2 

-0.26 

-0.84 

-0.81 

-7.98 

-7.85 

CM3 

-0.21 

-0.74 

-0.71 

-6.53 

-6.41 

x  Difference 

21.3 

12.7 

13.2 

20.0 

20.2 

#3  CM2 

-0.27 

-0.85 

-0.82 

-8.02 

-7.91 

CM3 

-0.22 

-0.74 

-0.72 

-6.55 

-6.44 

X  Difference 

20.4 

13.8 

13.0 

20.2 

20.5 

26Sep84  #1  CM2 

0.24 

0.52 

0.50 

9.08 

8.96 

CM3 

0.19 

0.44 

0.42 

6.88 

6.79 

x  Difference 

23.3 

16.7 

17.4 

27.6 

27.6 

#2  CM2 

0.25 

0.50 

0.49 

9.10 

9.01 

CM3 

0.22 

0.47 

0.46 

7.98 

7.92 

x  Difference 

12.8 

6.2 

6.3 

13.1 

12.9 

#3  CM2 

0.31 

0.58 

0.57 

11.15 

11.08 

CMS 

0.28 

0.54 

0.53 

10.03 

9.98 

x  Difference 

10.2 

7.1 

7.3 

10.6 

10.5 

Average  of  abaolute 

valueo  of 

x  Dif. 

for  the 

8  experiaente: 

13.9 

9.5 

9.8 

14.6 

14.6 

1 

( 


Standard  deviation  of  tho  x  Difference  for  the  8  experloento 


Table  4-4.  Effect  o£  Error  in  Fluid- Velocity  Measureaent 
on  Predicted  Transport.  £rom  Mod* la 
(Coaputad  transport  in  dynsa/<ca-a)  la  llatsd  for  sach 
asnaor  followed  by  a  difference  between  the  two.) 

Part  C:  u6  and  u“  aodela 
(Einatein  ia  a  variable  u"  aodel) 


id -e 

f-rr.rr 

>r 

^KK-7  l-l'l-l  X- 

■  KTiI  W-7  4-W 

II- fill  I  Ml 

ca-s;  j 

Madsen 

&  Grant 

Shibayaaa 

Einstein's  9 

&  Horikawa 

(diaensionleaa) 

► 

10Aug64  #1 

CM2 

73.9 

73.5 

112.3  112.1 

1.63 

0.0723 

CM3 

73.5 

73.2 

111.7  111.5 

1.70 

0.0750 

x  Difference 

0.5 

0.5 

0.5  0.5 

-4.2 

-3.7 

#2 

CM2 

70.2 

69.8 

106.7  106.5 

4.16 

0.0856 

CM3 

67.5 

67.2 

102.7  102.5 

4.36 

0.0861 

x  Difference 

3.8 

3.8 

3.6  3.8 

-4.7 

-2.9 

29Aug84  #1  CM2 
CM3 

*  Difference 

#2  CM2 
CM3 

*  Difference 

•3  CM2 
CM3 

x  Difference 

26Sep84  #1  CM2 
CM3 

x  Difference 

•2  CM2 
CM3 

x  Difference 

#3  CM2 
CM3 

x  Difference 


-7.57  -7.40 

-5.69  -5.56 

28.4  28.4 

-7.13  -6.97 

-5.39  -5.27 

27.8  27.8 

-7.04  -6.88 

-5.28  -5.16 

28.6  28.6 

9.75  9.51 

6.49  6.33 

40.2  40.2 

10.00  9.76 

8.23  8.03 

19.4  19.5 

13.00  12.69 

11.21  10.94 

14.8  14.8 


-11.51-11.45 
-8.65  -8.59 

28.4  28.5 

-10.84-10.77 
-8.20  -8.13 

27.7  27.9 

-10.71-10.64 
-8.03  -7.96 
28.6  28.8 

14.81  14.73 
9.86  9.80 

40.1  40.2 

15.20  15.14 
12.50  12.46 

19.5  19.4 

19.76  19.71 
17.04  17.01 

14.8  14.7 


-2.79  -0.1362 
-2.77  -0.1357 
0.72  0.37 

-5.75  -0.1353 
-5.80  -0.1372 
-0.87  -1.39 

-9.30  -0.1365 
-9.39  -0.1385 
0.96  1.45 

3.54  0.1746 

3.60  0.1749 

-1.68  -0.057 

7.86  0.1880 

7.74  0.1816 

1.54  3.46 

11.31  0.1812 

11.21  0.1769 

0.89  2.40 


Average  of  absolute  valuaa  of  x  Dif.  for  the  8  experiments: 


20.4  20.4  20.4  20.5  1.9  2.0 


Standard  deviations  of  the  x  Dif.  for  the  8  expenaents 


velocity  in  their  equations.  To  examine  this  sensitivity 
we  altered  the  current-meter  offsets  for  the  two 


experiments  in  which  we  measured  offshore  sand  transport 

with  the  tracer  <3  August  1964  and  29  August  1964).  When 

we  reduced  the  measured  offshore  mean  fluid  velocities  on 

both  days  by  S  cm/s  the  transport  direction  predicted  with 

Equation  <4. 4)  changed  from  offshore  to  onshore  for  both  i 

seta  of  experiments,  even  though  the  mean  fluid  velocity 

was  still  offshore  < about  3  cm/s) .  Accurate  measurement  of  ! 

i 

i 

the  mean  fluid  velocity  la  very  important  when  predicting  | 

! 

transport  direction. 

! 

I 

I 

±±2 _ Trffstr.  sent rs it  ; 

i 

There  are  two  important  controls  on  tracer 
experiments  which  are  used  to  test  two  basic  assumptions: 
that  the  sand  tracer  behaves  in  the  same  manner  as  the 
natural  sand  and  that  the  sand  tracer  is  adequately 
monitored.  The  first  assumption  is  tasted  by  comparing  the 
size  distribution  of  the  sand  tracer  with  the  size 
distribution  of  the  natural  sand  present  during  the 
experiment.  The  assumption  of  adequate  monitoring  is 
tested  by  determining  how  much  of  the  tracer  has  been 
accounted  for  in  the  sarpling,  known  as  "tracer  recovery." 


For  each  tracer  experiment  the  aize  dietributione 
ware  Measured  for  the  aand  before  it  waa  dyed,  the  red  dyed 
aand,  the  green  dyed  aand,  and  the  in-aitu  natural  aand 
preaent  during  the  experiment.  Statiatical  aoaenta  of  all 
four  of  theae  diatributiona  were  computed  for  each 
experiment  and  are  Hated  in  Table  4-3. 

Five  different  momenta  were  computed  from  the  aize 
diatributiona:  mean,  median,  diaperaion,  akewneaa,  and 

kurtoaia.  The  atatiatical  momenta  uae  the  data  from  each 
half -phi  aize  interval  in  the  aize  diatribution .  Detailed 
deacriptiona  of  each  of  theae  momenta  may  be  found  in  Inman 
(1932).  The  phi  aize  meaaure  uaed  here  can  be  converted  to 
millimeters  by: 

mm  *  2~*  (4.5) 

A  negative  akewneaa  (which  la  the  caae  for  moat 
diatributiona  in  Table  4-5)  indicatea  that  the  phi  mean  ia 
numerically  leaa  than  the  phi  median,  and  the  diatribution 
ia  skewed  toward  smaller  phi  (coarser  grama)  .  A  normal 
distribution  has  a  kurtoaia  of  0.65.  A  greater  kurtoaia 
Indicatea  a  greater  apread ,  i.a.,  mora  aand  in  the  tails  of 
the  diatribution  than  for  a  normal  diatribution.  This  ia 
generally  the  case  in  beach  aand  and  ia  true  of  all  samples 
in  Table  4-5. 

The  higher  momenta  of  akewneaa  and  kurtoaia  ara 
quite  sensitive  to  methods  and  techniques  of  measurement. 


Table  4-5.  Sediment  Size-Distribution  Moments 
(Median  L  mean  are  in  phi  unit*  &  Micron*,  other*  in  phi.) 

Description  Date  Madian  Mean  Die-  Skew-  Kurtosis 
Sampled  peraion  neaa 


0 

_ it _ 

0 

u. 

0 

0 

0 

Torrev  Pines  experiments 

< 19S0) 

250  meters 
off shore 

lSMaySO 

3.09 

117 

3.08 

118 

0.51 

-5.88 

68.70 

100  meters 
off shore 

15May80 

2.3S 

193 

2.38 

192 

0.62 

if) 

ID 

• 

o 

1 

8.72 

Sand  to  dye 

ISMaySO 

2.21 

216 

2.20 

218 

0.58 

-0.42 

8.06 

Grn  tracer 

lSMaySO 

2.15 

226 

2.13 

228 

0.53 

-0.31 

6.49 

Red  tracer 

ISMaySO 

1.9S 

253 

1.95 

258 

0.55 

-0.33 

3.20 

During  exp. 

23Jun80 

2.00 

250 

1.92 

264 

0.65 

-1.28 

8.03 

During  exp. 

HAugSO 

2.20 

21S 

2.12 

229 

0.73 

-2.52 

17.36 

Sand  to  dye 

ISAugSO 

1.95 

258 

1.93 

262 

0.68 

-0.31 

7.23 

Grn  tracer 

lSAug80 

1.12 

459 

1.17 

445 

0.69 

0.14 

3.74 

Red  tracer 

ISAugSO 

1.40 

380 

1.40 

380 

0.64 

0.21 

3.21 

During  exp. 

12SepSO 

2.46 

182 

2.40 

190 

0.64 

-1.68 

10.66 

During  exp. 

29SepS0 

2.51 

175 

2.48 

179 

0.69 

-1.21 

9.82 

Scripps  Institution  of  Oceanography  experiments  (1934) 


Sand  to  dye 

12Jul84 

1.77 

292 

1.84 

280 

0.68 

0.82 

9.90 

Grn  tracer 

12Jul84 

1.91 

266 

1.93 

263 

0.50 

-0.14 

5.10 

Red  tracer 

12Jul84 

1.95 

259 

1.98 

254 

0.51 

-0.10 

4.73 

During  exp. 

3Aug84 

2.58 

167 

2.57 

169 

0.52 

-0.43 

3.79 

Sand  to  dye 

6Aug84 

2.09 

236 

2.02 

247 

0.78 

-2.97 

19.86 

Grn  tracer 

6Aug84 

1.95 

258 

2.01 

249 

0.68 

-0.12 

12.19 

Red  tracer 

6Aug84 

1.93 

262 

1.94 

262 

0.64 

-0.19 

7.83 

During  exp. 

10AugS4 

2.31 

201 

2.16 

224 

0.97 

-6.96 

44.71 

Sand  to  dye 

13Aug64 

2.24 

212 

2.24 

211 

0.64 

-1.84 

19.32 

Grn  tracer 

13Aug84 

2.15 

225 

2.12 

230 

0.69 

-0.80 

13.21 

Red  tracer 

13Aug84 

2.12 

230 

2.10 

233 

0.66 

-0.97 

11.48 

During  exp. 

29AugS4 

2.28 

206 

2.22 

214 

0.75 

-1.40 

8.98 

Sand  to  dye 

HSep84 

2.15 

226 

2.10 

233 

0.70 

-3.11 

23.40 

Grn  tracer 

HSep84 

1.78 

292 

1.79 

289 

0.47 

-0.14 

8.94 

Red  tracer 

HSep84 

1.74 

299 

1.76 

295 

0.56 

-0.12 

6.47 

During  exp. 

26Sep84 

2.45 

183 

2.36 

195 

0.78 

-4.18 

28.10 

Sand  to  dye 

26SepS4 

2.31 

201 

2.26 

209 

0.72 

-4.81 

39.28 

Grn  tracer 

26Sep84 

1.94 

261 

1.95 

259 

0.57 

-0.20 

10.89 

Red  tracer 

26Sep84 

1.75 

298 

1.74 

300 

0.61 

-1.38 

12.03 

During  exp. 

300ct84 

2.63 

162 

2.60 

165 

0.55 

-1 . 18 

7.76 

Whit*  and  Inman  (1987b)  found  th*m  to  b*  mor*  a  function  of 
computational  m*thod  than  of  whether  th*  aand  waa  dyad  or 
undyad.  Madian  aiza  and  tha  diaparaion  of  tha  natural  and 
dyad  aandm  ahould  match  am  cloaaly  aa  poaaibla.  Tha 
akawnaaa  and  kurtoaia  of  tha  tracar  ara  uaually  conaidarad 
adaquata  if  thay  ara  of  tha  aama  aign  am  tha  natural  aand. 

In  tha  Torray  Pinaa  axparimanta  tha  aand  waa 
aampled,  takan  to  an  outaida  company  for  dyeing,  and  then 
uaad  in  two  tracar  axparimanta.  Th*  mean,  madian,  and 
diaparaion  aaaauraa  for  tha  15  May  1980  undyad  and  dyad 
aanda  match  wall  tha  in-aitu  aand  for  tha  23  Juna  1980  and 
11  Auguat  1980  axparimanta.  That  la,  th*  madiana,  maana, 
and  diaparaiona  ara  cloaa,  and  tha  akawnaaa  and  kurtoaia 
ara  of  tha  corract  aign.  Thia  ia  not  tha  caaa  for  tha 
tracar  uaad  in  tha  Saptambar  1980  axparimanta.  Apparantly 
tha  company  dyaing  tha  aand  loat  aoma  of  tha  flnar  aand 
during  tha  dyaing  proceaa,  raaultlng  in  largar  madian  dyad 
aand.  Although  tha  diaparaion  ramainad  tha  aama,  tha 
akawnaaa  awltchad  aign.  Thua  th*  tracar  diatribution  waa 
akawad  toward  finar  graina,  but  tha  mcraaaa  in  tha  madian 
aiza  indicataa  a  ahift  of  tha  antira  diatribution  toward 
coaraar  graina.  Tracar  racovary  raaulta  will  ahow  that 
thia  changa  of  tha  tracar  aiza  diatribution  had  a 
aubatantlal  affect  on  tha  Saptambar  1980  axparimanta, 
particularly  th*  29  Saptambar  1980  experiment,  in  which  tha 


eoarM  dyed  sand  sovad  rapidly  out  of  tha  sampling  grid 


toward  ths  brsaksrs. 

In  ths  SIO  sxpsrimsnts  ws  dyad  our  own  sand,  and  it 
can  bs  sssn  from  ths  statistics  in  Tsbls  4-5  that  this 
worksd  quits  wsll  in  comparison  to  ths  Ssptsmbsr  I960 
sxpsrimsnts.  Thsrs  was  somstimss  a  lag  of  wssks  bstwssn 
sand  dysing  and  experiment,  but  this  was  not  bscauss  of  ths 
dysing  process.  Ths  tims  lag  was  caussd  by  waiting  for 
wavs  conditions  and  undsrwatsr  visibility  suitabls  for  ths 
sxpsrimsnt.  As  can  bs  sssn  from  Tsbls  4-5,  ths  msan  and 
msdisns  ars  somswhat  coarssr  for  ths  tracsr  sand  than  ths 
in-situ,  but  dispsrsions  all  mstch  quits  wsll.  Ths 
skswnsssss  and  kurtosis  ars  all  of  ths  corrsct  sign.  (Ths 
dysd  sand  ussd  in  ths  3  August  1964  sxpsrimsnt  had  ths 
corrsct  sign  of  akswnsss,  svsn  though  ths  original  sand 
taksn  from  ths  ocsan  did  not.)  Ths  only  consistsnt  trsnd 
in  ths  dysing  procsss  is  coarssr  tracsr  sand.  Ths 
variation  in  dispsrsion,  akswnsss,  and  kurtosis  appsars 
random . 

In  conclusion,  ths  dysing  procsas  worksd  rslativsly 
wsll  for  all  but  ths  two  Ssptsmbsr  I960  sxpsrimsnts.  Ths 
only  consistsnt  trsnd  was  for  ths  tracsr  sand  to  bs  coarser 
than  ths  in-situ  sand  (an  avsrags  of  60u  coarssr  for  all 
but  ths  Ssptsmbsr  1960  sxpsrimsnts) .  Ths  data  from  thorns 
sxpsrimsnts  is  suspect,  and  ths  next  test  of  tracsr 
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recovery  is  used  to  determine  whether  the  tracer  behaved 


adequately. 


,3.2  Tract 


To  determine  whether  the  notion  of  the  dyed  aand 


haa  been  adequately  monitored  by  the  core  sampling.  we 


computed  (Table  4-6)  the  percent  of  injected  tracer 


recovered  in  the  sampling  grid  using  the  methods  of  Section 


2.1.3.  In  tracer  experiments  a  recovery  rate  between  70 


and  100*  is  usually  considered  good,  and  rates  between  50 


and  70*  are  adequate  (Inman  et  al,  1980;  Kraus  et  al. 


1982) .  If  the  recovery  is  less  than  50*.  the  results  are 


questionable ,  and  recovery  of  leas  than  25*  means  that  most 


of  the  tracer  has  moved  out  of  the  grid,  and  transport 


rates  should  not  be  used  from  such  sampling.  Host  of  these 


experiments  had  a  good  recovery  rate,  exceeding  70*.  with  a 


few  in  the  50-70*  range.  In  some  cases  the  computed 


recovery  rate  exceeded  100*.  not  unusual  in  tracer 


experiments.  It  indicate*  that  each  core  sample  does  not 


always  accurately  represent  the  concentration  in  the 


surrounding  area.  Some  core  samples  apparently  had 


anomalously  high  concentrations. 


Statistics  for  the  measured  recovery  rates  were 


computed.  The  29  September  1980  experiments,  which  had 


very  low  recoveries  and  were  therefore  not  used  to  test 


bedload  models,  were  excluded  from  the  statistics.  The 
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Table  4-6.  Tracer  Controls 


Experiment.  Sampling  Tracer  Recovery  (X)  Transport 

Time  Green  Red  Difference  (X) 

(minutes) _ (offshore)  (longshore) 


23Jun80 

#1 

18.13 

75.7 

64.2 

#2 

39.75 

45.2 

41.4 

#3 

62.00 

78.4 

58.2 

#4 

131.11 

83.7 

74.9 

HAugdO 

#1 

18.56 

46.3 

44.3 

#2 

46.00 

52.5 

81.6 

#3 

72.77 

58.0 

78.2 

#4 

105.42 

60.3 

92.9 

#5 

133.00 

89.9 

92.9 

#6 

160.19 

173.8 

198.1 

12Sep80 

#1 

25.13 

73.4 

14.5 

#2 

55.46 

91.1 

29.6 

#3 

87.00 

64 . 6 

35.9 

#4 

131.65 

55.9 

51.5 

#  5 

180. 6S 

119.5 

42.1 

#6 

227.07 

142.8 

159.7 

29Sep80 

mi 

19.50 

12.1* 

12.2* 

#2 

36.59 

13.1* 

11.4» 

#3 

67.77 

12.7* 

15.7* 

#4 

110.00 

20.9- 

13.0* 

#5 

137.17 

18.8* 

18.7* 

#6 

168.43 

12.6* 

18.1* 

3Aug84 

#1 

66.33 

82.3 

64.6 

#2 

141.33 

72.6 

78.7 

10Aug84 

mi 

55.33 

50.4 

66.0 

m2 

1  '’O . 00 

30.0 

40.5 

29Aug84 

mi 

50.93 

22.4 

99.3 

m2 

105.52 

29.1 

51.5 

m3 

167.33 

27.2 

69.0 

26Sep84 

mi 

50.92 

64.2 

63.6 

m2 

100.60 

94.2 

93.5 

m3 

145.22 

52.3 

112.2 

300ct84 

mi 

82.29 

74.0 

52.8 

m2 

135.50 

94.5 

141.2 

m3 

176.44 

65.7 

128.3 

m4 

206.75 

48.7 

79.9 

* :  Not 

used  to  test 

bedload 

models 

-18 

-100 


r*v 

|v‘ 


remaining  60  recoveries  had  •  mean  recovery  of  73. 7X  with  a 
standard  deviation  of  36. 2*.  There  waa  aose  tendency  for 
recovery  to  increase  in  the  later  sasplings.  The 
correlation  coefficient  between  time  and  recovery  was 
0.506.  Presumably  the  tracer  was  dispersed  more  evenly  at 
later  times.  That  is,  the  spatial  scale  of  significant 
change  in  tracer  concentration  may  have  increased  in  time 
relative  to  the  aampling  scale  (distance  between  aamples) . 

In  the  first  two  experiments,  23  June  1960  and  11 
August  I960,  the  recovery  was  adequste  to  good.  On  12 
September  I960,  the  recovery  of  green  trscer  was  good,  but 
apparently  the  red  tracer  did  not  disperse  adequately 
throughout  the  grid  until  the  third  or  fourth  semple  set. 
The  results  for  the  29  September  1960  experiment  confirm 
the  doubts  based  on  the  sand  size  distributions  of  Table 
4-5.  The  tracer  was  too  coarse  and  moved  quickly  out  of 
the  grid  and  toward  the  breakers.  We  did  not  use  the  29 
September  1960  data  for  any  bedload-model  testing,  although 
there  are  still  a  sufficient  number  of  dyed  grains  in  each 
core  aample  to  adequately  compute  transport  thickness.  All 
of  the  recovery  rates  for  the  1984  experiments  at  SI0 
appear  adequate  to  good,  except  for  the  green  tracer  on  29 
Auguat  1984.  On  this  day,  there  waa  a  strong  offshore  net 
transport  rata.  Since  green  tracer  waa  injected  1.5  meters 
offshore  of  the  grid  center  and  the  red  tracer  1.5  meters 


onshore,  it  is  not  surprising  that  considsrabia  graan 


tracer  was  lost. 

Since  we  used  two  colors  in  each  of  our 
experiments,  an  additional  test  on  the  quality  of  each 
experiment  is  available.  The  transport  differences, 
computed  as  C (green  transport  minus  red  transport) /red 
transport]  x  100* ,  are  listed  in  Table  4-6.  It  was  hoped 
that  these  differences  would  correlate  in  some  way  with  the 
tracer  recovery  rates,  but  there  does  not  appear  to  be  any 
obvious  corralation.  Tha  lower  differences  for  the  23  June 
1960  experiment  are  due  to  the  fact  that  the  two  colors 
were  mixed  together  and  injected  simultaneously  at  the  aame 
location. 

1x1 _ Tr«n»pqrt  JOUstoia* 

The  sand  transport  rate  is  proportional  to  the 
thickneas  times  the  velocity  of  transport  (Equation  2.1). 
Each  core  sample  contains  a  vertical  distribution  of  tracer 
from  which  eight  different  estimates  of  transport  thickness 
were  computed  by  the  methods  of  Section  2.1.2.  Some  of 
these  estimators  are  known  to  be  inaccurate  but  are 
Included  for  purposes  of  comparison  with  other  data  sets. 
Daily  averages  of  tha  mean  thickness  and  the  standard 
deviation  are  listed  for  each  of  the  eight  estimators  in 
Appendix  2  as  Tables  6-1  and  6-2.  Tha  complete  list  of 
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.*<1 


transport  thicknesses  obtained  for  aach  color  in  aach  grid 


on  aach  day  ia  in  Appandix  2  (Tablaa  8-3  through  8-6) 


Tha  thicknaaa  valuaa  froa  aach  of  tha  aight 


aatiaatora  for  only  ona  day's  axpariaant  ara  shown  in 


Figura  (4-1).  Thraa  of  thasa  astiaators  yiald  ralativaly 


larga  thicknassas.  Tha  aaxiaua-panatration  astiaator  ia 


racognizad  as  unrealistic,  sinca  it  ralias  on  tha  daapast 


panatration  of  any  tracer,  no  aattar  how  aaall  a 


concantratlon .  Sinca  a  faw  dyad  grains  can  ba  puahad 


banaath  tha  transport  layar  artificially  by  tha  sampling 


procsss,  this  astiaator  is  rejected.  As  racognizad  by 


Inaan  at  al  (1980)  tha  0.5  and  1.0  grain/graa  panatration 


astiaators  aust  also  ba  rejected,  sinca  thay  yiald 


thicknass  estimates  which  far  axcaad  both  subjective  visual 


estiaatas  of  thicknass  and  all  othar  objective  astiaators 


now  usad  (Kraus  at  al,  1982;  Whita  and  Inman,  1987b). 


Tha  aaan  thicknassas  froa  astiaators  A-D  and  G 


(Figura  4-1)  agraa  with  aach  othar  rather  well.  Thasa 


estimators  have  baan  uaad  recently  (Kraus  et  al,  1982; 


Whita  and  Inaan,  1987b).  Tha  disagreement  between  thasa 


five  methods  is  small  compared  to  tha  mean  value  obtained. 


However,  there  ara  aoma  theoretical  problems  (Section 


2.1.2)  with  tha  estimator  20s2Qiz/EN  (G  in  Figura  4-1)  whan 


uaad  with  tha  original  vertical  tracar  profile.  Thia 


estimator  yields  unrealistic  results  for  "buried’ 


concentration  profiles,  in  which  concentration  is  low  near 
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N.  MAXIMUM  PENETRATION  OF  TRACER 


Figure  4-1.  Transport  thickness  esti 
The  solid  curves  denote  green  tracer 
red  tracer.  Both  means  and  standard 
samples  are  plotted. 


iates  for  23  June  1980. 
and  the  dashed  curves 
deviations  for  29  core 
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the  top  of  the  cor*  sample  but  incr*****  with  depth.  For 
thia  ration  we  racotaand  that  thia  aatiaator  (Inaan  at  al, 
1980)  not  ba  uaad.  Howavar,  ita  bahavior  with  tha 
ao-callad  "Crickaora  profile"  in  which  tha  negative 
concantration  gradients  within  tha  cora  ara  eliminated,  ia 
quita  raaaonabla  <A  in  Figura  4-1).  Wa  concluda  that  any 
of  tha  four  eitiaatora  A-D  (Figura  4-1)  can  ba  uaad  to 
computa  tranaport  thicknaaa.  Whan  wa  axamina  individual 
cora  samples,  tha  Inaan  at  al  aatiaator  with  a  Crickaora 
profila  (A  in  Figura  4-1)  aaaaa  to  yiald  thicknaaa 
aatiaataa  cloaar  to  what  would  ba  subjectively  aalactad  aa 
tha  appropriata  aatiaata.  For  thia  raaaon  of  agraaaant 
with  subjective  viaual  aatiaataa  of  thicknaaa,  wa  will  ba 
ualng  tha  Inaan  at  al  aatiaator  with  tha  Crickaora  profila 
in  furthar  coaputationa. 

Nota  that  for  tha  four  aatiaatora  wa  hava  aalactad 
aa  wall -bahavad ,  tha  atandard  daviationa  of  tha  thicknaaa 
aatiaataa  ara  about  half  of  tha  maana.  Thia  ia  in  contraat 
to  aurf  zona  experiments  in  which  tha  atandard  deviation 
rangaa  batwaan  ona  and  two  tinea  the  mean  value  (White  and 
Inaan,  1987b).  Since  tha  same  methoda  and  thickneaa 
aatiaatora  ware  uaad  in  experimenta  both  inaida  and  outaida 
tha  aurf  zona,  wa  concluda  that  there  ia  two  to  four  tiaaa 
laaa  variation  in  tranaport  thickneaa  outaida  tha  aurf  zona 
than  inaida.  In  tha  aurf  zona  wavaa  aoaatimaa  penetrate 
through  tha  water  column  and  raault  in  intanaa  ahort-livad 


vertical  velocities  throughout  the  water  colusn  end  within 
the  send  bed.  This  type  of  behavior  contrasts  sharply  with 
fluid  motion  outside  the  surf  zone,  i.e.,  nearly  horizontal 
velocities  near  the  bed.  Clearly  sore  variance  in  the 
depth  to  which  tracer  ia  nixed  should  be  expected  under 
plunging  breakers  than  in  the  laaa  turbulent  horizontal 
flows  outside  the  surf  zone. 

Transport  thickness  aust  be  related  to  the  fluid 
motions  above  the  sand  bad.  If  a  relationship  could  be 
found  between  fluid  parameters  and  transport  thickness, 
than  it  would  not  be  necessary  to  measure  the  thickness 
with  tracer  methods.  King  (1951)  first  suggested  that 
there  night  be  a  linear  relationship  between  wave  height 
and  transport  thickness.  Sunaaura  and  Kraus  (1985)  used 
the  Kraus  at  al  (1982)  data  from  surf  zone  tracer  studies 
to  quantify  this  relationship.  The  beat  fit  between  wave 
height  and  transport  thickness  for  their  data  set  was: 

Z0  *  0.027  Haig  for  60  cm  <  Haj.g  <  160  cm  (4.5) 

The  coefficient  in  (4.5)  dacraaaad  as  Haig  rose  above  1.5 
meters.  They  did  not  attempt  to  use  an  additive  constant 
in  (4.3),  nor  did  they  report  what  level  of  correlation 
existed  between  wave  height  and  transport  thickness,  simply 
that  the  data  best  fit  Equation  (4.5). 

We  correlated  surface-corrected  Hs±g  with  Z0  and 
found  an  extremely  low  correlation  coefficient  (an  average 
of  0.063  for  the  two  tracer  colors) .  The  results  for  this 


correlation  are  liatad  in  Appendix  5  ae  Table  8-9.  It 
appears  that  wave  height  is  not  a  good  predictor  of 
transport  thickness. 

Sunaaura  and  Kraus  <1965>  also  examined  the 
correlation  between  fluid  velocity  squared  and  transport 
thickness.  There  is  sons  theoretical  justlf icetion  for 
selecting  the  second  power  of  the  fluid  velocity  (Hanes  and 
Bowen,  1985),  but  no  experimental  data  sets  suggest  such  a 
selection.  They  found  that  the  Kraus  at  al  (1982)  data  set 
best  fit  the  relation: 

20  *  81 . 4  D  (8-6t>  (4.6) 

where  0»c£ you* 2/ < /»a-y»)gD  and  un  was  obtained  from  wavestaffs 
and  surf ace-corrected  pressure  data  at  the  breakpoint.  For 
soae  reason  they  attempt  to  explain  correlation  between 
thickness  and  grain  size,  D,  in  (4.6),  even  though  D 
appears  in  both  the  numerator  and  denominator  and  cancels 
out.  Three  artifical  restrictions  on  (4.6)  are  apparent: 
arbitrary  aelection  of  the  second  power  of  fluid  velocity, 
absence  of  any  additive  constant,  and  failure  to  quantify 
the  level  of  correlation. 

Ue  removed  these  restrictions  in  attempting  our 
correlation  between  fluid  velocity  and  transport  thickness. 
We  attempted  to  follow  the  methods  of  Sunamura  and  Kraus 
(1983)  in  Equation  (4.6)  aa  closely  aa  possible.  Values  of 
D(Q-&x.)  were  computed  using  um  from  the  pressure-sensor 
data  (Table  4-1),  since  this  was  the  method  of  computing  um 


used  by  Sunaaura  and  Kraus  <1985).  Tha  correlation 
coefficient  between  Z©  and  0<6-6t)  was  0.047  (Tabla  8-9). 
an  extremely  low  correlation.  Apparently  this  la  not  a 
good  pradlctor  of  transport  thickness  aithar. 

We  attamptad  a  corralation  batwaan  ZQ  and  tha  uM's 
from  both  aurf aca-corractad  praaaura  data  in  Tabla  4-1  and 
tha  current  aaaaurementa  in  Tabla  4-2.  We  considered  tha 
aoaants  u*0-5.  Um,  and  u„2*  The  correlation  coefficients 
for  the  different  power  of  ua  fell  in  tha  range  0.32-0.36 
for  the  aurf ace-corrected  um  (Appendix  Table  8-9)  and  -0.34 
to  -0.42  for  the  un'a  derived  from  current  measurements 
(Appendix  Table  8-10) .  Apparently  this  variable  is  not 
well  correlated  with  ZQ  either. 

Another  variable  which  we  correlated  with  ZQ  was 
the  time-averaged  total  velocity  uj  from  the  near-bottom 
currant  maters  listed  in  Table  4-2.  The  velocity 
<ut>*< <u2*v2)0.5>  a  measure  of  bottom  stress  without 
regard  to  direction.  The  correlation  coefficients  in 
Appendix  Table  8-11  for  tha  momenta  <ut>0*5,  <ut>*  end 
<ut>2  ranged  between  -0.34  and  -0.40.  still  rather  low 
correlations. 

Finally  we  correlated  Z0  with  the  orbital  diameter 
d0.  We  considered  the  fact  that  d0  la  •  measure  of  how 
long  tha  aand  bed  faela  tha  velocity.  That  is.  d0  is  the 
product  of  um  and  the  wave  period  (Equation  4.2).  We  used 
dQ  from  two  different  sources:  the  surf ace-corracted  wave 


heights  in  Tabls  4-1  and  fro*  tha  current-attar  data  in 
Table  4-2.  The  highest  correlations  were  found  using  dQ 
fro*  the  surf sce-corrected  wave  heights  in  Table  4-1.  >'ht 
results  for  the  seven  aosents  <d0>n  with  n  ranging  fro*  0.5 
to  6  are  presented  in  Table  4-7.  The  correlation 
coefficients  are  soaewhat  higher  than  others  we  have 
perforaed  <0.63  to  0.74)  and  are  quite  close  for  the 
different  power  of  d0>  At  90*  confidence  the  only  aoaent 
which  perforas  statistically  leas  well  than  the  others  is 
do^*3.  An  equation  relating  Z0  and  dQn  could  be  presented 
for  any  n  >  0.5.  but  we  will  list  here  the  diaenaionally 
correct  n*l  equation: 

20  *  0.010  d0  ♦  0.56  ca  for  56  ca  <  dQ  <  251  ca  <4. 7) 
where  dQ  is  coaputed  froa  the  surface-corrected  wave 
heights  and  the  peak  spectral  period  (Table  4-1).  The 
considerably  lower  current-meter  derived  d0  correlation 
coefficient  of  -0.22  is  detailed  in  Appendix  Table  6-11. 

Equation  (4.7)  suggests  a  minimum  value  for  Z0> 
Inserting  our  smallest  measured  value  of  d0*56  cm  yields 
Z03l.l6  cm.  Physically  this  suggests  that  wave  motions 
large  enough  to  induce  sand  motion  result  in  transport 
thicknesses  of  at  least  a  centimeter.  This  should  not  be 
surprising,  since  sand  requires  a  threshold  stress  to  be 
applied  before  it  moves  and  dynamic  coefficients  of 
friction  are  less  than  static  coef f icients .  In  fact,  this 
is  confirmed  by  all  three  data  sets  of  Kraus  at  al  (1962), 
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Table  4-7.  Correlation  of  Orbital  Diaaatar  with 
Tranaport  Thlckneaa 

<d0  froa  aur f act -corrected  wava  haighta  in  Table  4-1.) 


Orbital  Diaaatar  Moaent  <d0>n 


n  » 

0.5 

1 

_ 2 _ 

3 

4 

5 

6 

Part  A:  Red  Tracer  <295 

aaaplea) 

(For 

Z0 ,  aean  ■  2.21  ca  and  at. dev.  *  0 

.75  cm ) 

Mean 

12.51 

162 

2.94 

5.77 

12.0 

26.0 

58.4 

*104 

xlO^ 

xlO® 

xlOlO 

xl0l2 

St . Dav . 

2.36 

56.3 

1.82 

5.00 

13.2 

34.1 

87.4 

Xl04 

xl0& 

xlO® 

xlOlO 

X1012 

Slope,  a 

0.172 

. 00800 

.281 

.108 

.0418 

.0161 

.00625 

xlO-4 

xl0~6 

xlO~S 

xlO-10 

xlO-12 

Intercept 

0.08 

0.94 

1 .41 

1.62 

1.75 

1.83 

1.88 

Cor . Coaf . 

0.541 

0.601 

0.683 

0.720 

0.736 

0.732 

0.728 

90a  Confidence  Lialta: 

( lower) 

0.504 

0.564 

0.646 

0.683 

0.699 

0.695 

0.691 

(upper) 

0.578 

0.638 

0.720 

0.757 

0.773 

0.769 

0.765 

80*  Confidence  Limits: 

( lower) 

0.517 

0.577 

0.659 

0.696 

0.712 

0.708 

0.704 

( upper ) 

0.565 

0.625 

0.707 

0.744 

0.760 

0.756 

0.752 

70*  Confidence  Liaits: 

( lower) 

0.526 

0.586 

0.668 

0.705 

0.721 

0.717 

0.713 

(upper) 

0.556 

0.616 

0.698 

0.735 

0.751 

0.747 

0.743 

a  Sig. 

99.95 

99 . 994 

>  99.99999a  for  reaaining  aoaenta. 

Part  B:  Graan  Tracer  (260  aaaplaa) 
(For  Z0,  aaan  *  2.28  ca  and  at.dav.  *  0.96  ca) 


Mean 

12.51 

162 

2.94 

5.77 

12.0 

26.0 

58.4 

xlO4* 

xl06 

xlO® 

xlOlO 

X1012 

St .Dev. 

2.36 

56.3 

1.82 

5.00 

13.2 

34.1 

87.4 

xl04 

xl06 

xlO® 

XlOlO 

xl0l2 

Slope,  m 

0.290 

0.0127 

0.407 

0.147  C 

1.0544  0 

.0204  0 

.00772 

xlO-4 

xl0*6 

xl0"8 

xlO-10 

xlO-12 

Intercept 

-1.35 

0.22 

1 .08 

1 .  <2 

1.62 

1.74 

1.82 

Cor . Coef . 

0.713 

0.745 

0.773 

0.766 

0.748 

0.725 

0.703 

90a  Confidence  Limits: 

( lower) 

0.676 

0.708 

0.736 

0.729 

0.711 

0.688 

0.666 

(upper) 

0.750 

0.782 

0.810 

0.803 

0.785 

0.762 

0.740 

80a  Confidence  Limits: 

( lower) 

0.689 

0.721 

0.749 

0.742 

0.724 

0.701 

0.679 

(upper) 

0.737 

0.769 

0.796 

0.790 

0.772 

0.749 

0.727 

70a  Confidence  Limits: 

( lower) 

0.698 

0.730 

0.758 

0.751 

0.733 

0.710 

0.688 

(upper) 

0.728 

0.760 

0.788 

0.781 

0.763 

0.740 

0.718 

a  Sig. 

Greatar  than  99 

.99999a 

for  all 

momenta . 

Mean  correlation 

coefficient  for  the 

two  colora: 

0.627 

0.673 

0.728 

0.743 

0.742 

0.729 

0.716 

* 
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m. 
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White  and  Inaan  (1987b),  and  our  data  fro*  outalda  tha  aurf 
zona.  In  all  three  studies  thickneaaea  laaa  than  a 
cantiaatar  are  rare. 
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4.3  Transport 

Sand  transport  ia  tha  product  of  tranaport 
thickneaa,  tranaport  velocity,  and  other  paraaatera  which 
did  not  vary  during  the  axperiaenta  [Equation  (2.1)). 

Tha  tranaport  ratea  were  deterained  froa  grida  of  aaaplea 
which  concentrated  aaapling  along  tha  croaahora  line 
through  tha  grid  center.  Exaaplea  of  the  raaulting 
diatributlona  of  tracer  for  two  different  tiaaa  during  tha 
12  Saptaabar  1980  experiment  are  illuatratad  in  Figure 
(4-2) .  Tha  tranaport  velocity  waa  obtained  by  dataraining 
tha  diatance  that  tha  tracer  centroid  moved  during  tha  tlaa 


I 

i 
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between  injection  and  aaapling,  uaing  tha  coaputational 
aathoda  detailed  in  Section  2.1.1.  Tha  raaulting  tranaport 
velocitiaa,  thicknaaaea,  and  tranaporta  are  liated  in 
Appendix  6  (Table  8-12  for  the  croaahora  direction  and 
Table  8-13  for  the  longahore  direction) .  There  were 
aoaetiaea  inaufficient  aaaplea  in  tha  longahore  direction 
to  deteraine  longahore  velocitiaa,  particularly  for  the  30 
October  1984  experiment  grida,  each  of  which  conaiated  of 
juat  one  croaahora  line  of  aaaplea. 

Coapariaona  with  the  data  of  Kraua  at  al  (1982)  and 


White  and  Inaan  (1987b)  ahow  that  tha  tranaport  thlckn 
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Figure  4-2.  Horizontal  tracar  distribution  of  rad  trac 
at  two  different  times.  The  left  figure  is  25  minutes 


after  infection  and  the  right  figure  86  minutes 


have  about,  the  same  aaan  values  both  inside  and  outside  the 
surf  zone.  But  the  longshore  velocities  (and  transports) 
are  about  two  orders  of  magnitude  slower  for  transport 
outside  the  surf  zone.  Reliable  crosshore  transport  rates 
in  the  surf  zone  have  not  been  reported. 

In  all  cases  for  which  the  transport  difference 
between  the  two  colors  exceeded  100  dynes/ (ca-s)  (Table 
B-12) ,  there  were  low  tracer  recoveries  for  one  or  both 
colors  (Table  4-6) .  Even  after  deleting  these  low-recovery 
grids,  it  is  clear  that  the  error  in  the  transport  velocity 
estimates  far  exceeds  the  error  in  transport  thickness 
estimates.  The  thickness  estimates  vary  by  only  about  5x 
between  the  two  colors  (Figure  4-1).  The  difference  in 
estimates  for  transport  velocity  sometimes  exceeds  the 
average  estimate  (error  greater  than  lOOX) .  Perhaps  the 
disagreement  in  tracer  velocity  between  the  two  colors 
could  be  reduced  by  increasing  the  number  of  samples  in  the 
grid.  Unfortunately,  there  are  practical  restraints  on 
both  the  number  of  samples  which  can  be  obtained  and 
counted.  The  more  efficient  counting  methods  possible  with 
radioactive  tracers  (i.e.,  Inman  and  Chamberlain,  1959) 
would  have  allowed  increased  sampling  and  reduced  error. 

Correlations  between  various  powers  of  fluid 
velocity  and  sediment  transport  were  computed.  The  data 
show  that  the  application  of  a  threshold  criterion  to  the 
fluid  velocity  is  necessary.  When  a  threshold  was  not 


applied  the  resulting  fluid  velocity  momenta  (first  through 
sixth)  predicted  the  correct  direction  of  croashore  sand 
motion  only  70*  of  the  time.  When  a  threshold  criterion 
was  applied,  the  fluid  velocity  moments  (first  through 
sixth)  correctly  predicted  sand  transport  direction  for  all 
30  experiments. 

The  correlations  between  each  of  the  fluid-velocity 
moments  and  sand  transport  are  listed  in  Table  4-8.  Note 
that  the  appropriate  power  of  the  fluid  velocity  was 
applied  prior  to  averaging  in  time.  Averaging  before 
exponentiating  can  yield  quite  different  results.  The 
slopes  and  intercepts  in  the  table  can  be  used  to  form  a 
"model"  for  predicting  sediment  transport.  However,  cga 
units  must  be  used,  since  the  resulting  equation  is  not 
dimensionally  correct.  Using  the  slope  m  and  the  Intercept 
b,  we  obtain  for  croashore  transport: 

ix  »  m  <un>  ♦  b  (4.8) 

where  m,  n,  and  b  appear  in  Table  4-8.  Part  B  of  Table  4-8 
shows  correlations  with  dimensionless  transport: 

♦  m  (/*)0.5  i/ t(/»a-/»)gD3  3/2  (4.9) 

The  correlation  coefficients  for  either  dimensional  or 
dimensionless  transport  are  about  the  same  for  all  moments, 
which  is  not  surprising  because  these  fluid-velocity 
moments  are  strongly  correlated  with  each  other  (Appendix 
Table  8-8) .  The  one-half  power  of  fluid  velocity  clearly 
has  significantly  leas  correlation  with  transport,  even  at 


Table  4-8.  Fluid  Velocity  Correlatione  with  Transport 
(Fluid  velocities  are  froa  Eq .  4.4  with  a  threshold.) 

Part  A.  Correlation  of  Fluid  Velocity  with 
Diaenaional  Transport,  i  (Table  8-12) 

Velocity  Moaent  <un> 


n  * 

0.5 

»  1 

2 

3 

4 

5 

6 

Keen 

5.93 

3.02 

13.1 

1.21 

9.50 

7.05 

5.02 

xlO-4 

xlO-2 

xl03 

xlO* 

xl06 

xlO® 

St . Dev . 

4.68 

3.63 

1.79 

1.03 

6.83 

5.05 

4.10 

xl0-l 

xl02 

xlO* 

xl05 

xlO? 

xlO* 

Slope, 

m  49.9 

7.76 

1.60 

2.76 

4.05 

5.29 

6.27 

xlO-1 

xl03  x 

103  xlO?  xl09 

Intercept33 . 0 

31.4 

29.6 

28.3 

27.8 

27.9 

28.5 

Cor . Coef . 0 . 532 

0.642 

0.656 

0.650 

0.631 

0.609 

0.586 

90*  Confidence 

Lialta : 

( lower) 

0.499 

0.614 

0.629 

0.623 

0.603 

0.580 

0.556 

( upper ) 

0.563 

0.667 

0.681 

0.675 

0.657 

0.636 

0.615 

80*  Confidence 

Limits: 

( lower) 

0.510 

0.624 

0.638 

0.632 

0.612 

0.590 

0.566 

(upper) 

0.553 

0.659 

0.672 

0.666 

0.648 

0.627 

0.605 

70*  Confidence 

Limits: 

( lower) 

0.519 

0.631 

0.645 

0.639 

0.619 

0.597 

0.574 

(upper) 

0.545 

0.652 

0.666 

0.660 

0.642 

0.620 

0.598 

*  Sig. 

99 . 796 

99.992 

99.998 

99 . 998 

99 . 988 

99 . 976 

99.952 

Part  B.  Correlation  of  Fluid  Valocity  with 

Diaenaionleaa  Transport.  4  (Eq.  4.9) 


Mean 

5.93 

3.02 

13.1 

1.21 

9.50 

7.05 

5.02 

xlO-4 

xlO-2 

xl03 

*104 

xlO^ 

xlO® 

St . Dev . 

4.68 

3.63 

1.79 

1.03 

6.83 

5.05 

4.10 

xlO-1 

xl02 

xl0« 

xIOS 

xl07 

xl03 

Slope,  m 

.322 

4.40 

8.85 

1.48 

2.12 

2.71 

3.19 

xlO-2 

xlO-4 

xJO-5 

xlO-7 

xlO-9 

xlO-H 

IntarceptO . 177 

0.176 

0.16o 

0.159 

0.157 

0.158 

0.161 

Cor . Coef 

.0.615 

0.639 

0.637 

0.613 

0.579 

0.549 

0.524 

90*  Confidence 

Liaita: 

( lower) 

0.586 

0.612 

0.609 

0.584 

0.549 

0.517 

0.490 

(upper) 

0.642 

0.665 

0.663 

0.640 

0.608 

0.580 

0.556 

80*  Confidence 

Limits : 

( lower) 

0.596 

0.622 

0.619 

0.594 

0.559 

0.528 

0.502 

(upper) 

0.633 

0.657 

0.654 

0.631 

0.599 

0.569 

0.545 

70*  Confidence 

Limits: 

( lower) 

0.604 

0.628 

0.626 

0.601 

0.567 

0.537 

0.510 

(upper) 

0.626 

0.650 

0.647 

0.624 

0.591 

0.562 

0.537 

*  Sig. 

99.980 

99.992 

99 . 990 

99.980 

99.940 

99.868 

99.748 

*:  All  n»0.5  momenta  predicted  correct  transport  direction 

(onshore  or  offshore)  70*  of  the  time,  other  momenta  100*. 


90*  confidence.  Furthermore,  the  correct  prediction  of 
transport  direction  ia  only  70*  for  this  sonant,  even 
though  a  threshold  criterion  had  been  applied. 

For  correlations  with  dimensional  transport  i,  we 
can  only  conclude  at  90*  confidence  that  <u>,  <u2>,  <u3> 
are  better  momenta  than  <u^>  for  predicting  transport. 
However,  if  we  consider  the  correlations  with  disensionleas 
transport,  more  conclusions  can  be  made.  The  moments  <u> 
and  <u2>  are  better  predictors  than  <u4>,  <u5>,  or  <u^> . 

The  moment  <u3>  ia  a  better  predictor  than  <uS>  or  <u&>. 

As  we  shall  aee  in  Section  5,  this  behavior  will  be 
reflected  in  our  testa  of  bedload  models.  Models  which 
depend  on  the  <u^>  end  <u&>  moments  to  predict  transport 
will  not  perform  well. 

Finally,  we  attempted  to  determine  the  appropriate 
combination  of  both  crosahore  and  longshore  fluid 
velocities  which  should  be  used  to  compute  crosahore 
transport.  Most  models  assume  no  crosahore  fluid  velocity 
in  their  derivations  (i.e.,  normally  incident  waves). 
However,  Ballard  and  Inman  <1981)  and  Kobayaahi  (1962) 
suggest  that  the  total  stress  acting  on  the  bed  depends  on 
the  total  velocity  vector,  not  just  crosahore  velocity. 

The  moment  suggested  by  Ballard  and  Inman  (1981)  ia 
<<u2*v2)u>.  We  computed  correlations  of  varioua  powers  of 
this  moment  with  dimensionless  transport.  In  all  cases. 


the  correlations  were  almost  identical  to  those  in  Part  B 


of  the  table,  in  >*hich  longshore  velocity  was  ignorad 


However ,  tha  longshore  velocities  in  our  experiments  were 
much  sssller  than  tha  croaahora  valocitiaa.  Perhaps 
axparinents  in  which  u  and  v  ara  cosparable  in  magnitude 
(i.e.,  in  the  surf  zone)  will  be  able  to  decide  whether  the 
longshore  velocity  should  be  included  in  models  predicting 
crossho re  transport  (Equation  2.34)  and  vice  versa 
(Equation  2.35) . 


yjt 


5.  DISCUSSION 


S.l  PtrforMncM  of  badload  sodals 

Tha  17  diffarant  bad  load  transport,  sodals  datallad 
in  Saction  2.3  war*  taatad  using  tha  saasurad  fluid 
valocity  ss  input  and  cosparing  tha  cosputad  transport 
rstas  (Appandix  7)  with  tha  ratas  saasurad  with  sand 
tracar,  avaragad  ovar  both  tracar  colors  (Appandix  6). 

Most  of  thasa  sodals  dascriba  only  crosshora  transport,  but 
two  of  tha  sodals  also  pradict  longshora  transport  (Bailard 
and  Inssn,  1981;  Kobsyashl,  1982).  Thara  wara  30  crosshora 
tracar  axparisanta  with  which  to  tast  tha  17  sodals  and  23 
longshora  transport  aaaaurananta  with  which  to  tast  tha  two 
longshora  sodals. 

Tha  principal  input  for  tha  sodals  was  tha  saasurad 
crosshora  fluid  valocity.  Tha  longshora  fluid  valocity  was 
also  usad  in  cosputlng  both  crosshora  and  longshora 
transports  froa  tha  Ballard  and  Inssn  (1981)  and  Kobsyashl 
<1982)  sodals.  Savaral  othar  psrasatars  also  appaar  in  tha 
sodals.  Tha  psrasatars  basch  slopa  8,  »adian  sand  alza  D , 
lntarnal  angla  of  friction  0 ,  and  fall  valocity  W  wara 
cosputad  for  aach  day's  axparisanta  and  ara  listad  in  Tabla 
5-1.  Basch  slopa  and  aroaion  wara  obtsinad  froa  fathosatar 
and  rafaranca-rod  saasurasants  dascribad  in  Saction  3.3, 
and  sadlan  sand  aiza  was  found  with  tha  slaving  aathods  of 
Saction  4.3.1.  Many  invastigators  <i.a.,  Bailard  and 
Inssn,  1981;  Kobsyashl,  1982)  hava  assusad  an  approxiaata 
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Table  5-1.  Sediaent  Paraaetera 


Date 

Beach 

Slope 

a 

Median 
Sand  Size 

D 

Internal 
Angle  of 
Friction 

0 

Fall 

Velocity 

W 

Eroaion 

Mean  St. Dev. 

' ; V 

<< 

mrmi 

■n  j  i  i  m  i  —  r  rrrrm; 

aiTTilB 

THTTll 

23Jun60 

1.66 

250 

33.8 

3.3 

2.2 

5.3 

4 

HAug80 

1.26 

2ia 

32.2 

2.9 

0.2 

1.3 

*7 

12Sep80 

1.43 

182 

30.3 

2.0 

1.4 

1.8 

V 

V 

29Sep60 

1.37 

190 

30.7 

2.1 

0.4 

4.2 

.‘i 

V 

3Aug64 

1.15 

177 

30.0 

1.9 

V 

V 

4.1* 

10Aug84 

0.69 

201 

31.3 

2.5 

0.5 

0.9 

1 

29Aug64 

1.49 

206 

31.6 

2.5 

% 

26Sep84 

1.32 

183 

30.4 

2.0 

0.1 

1.2 

>;« 

*« 

300ct84 

1.72 

162 

29.3 

1.6 

(i  froa  aethoda  in  Section  3.3 
D  fro*  eieve  analyaie. 

0  fro*  Equation  <S.l). 

W  froa  Equation  <2. 46) 

Eroaion  waa  the  average  value  froa  all  reference  roda 
during  each  day 'a  experiaenta. 
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valuo  of  32  dogrooa  for  tho  intornal -friction  anglo  0,  but 


it  is  known  (Sloath,  1964)  that  thia  anglo  ia  alightly 


dapondont  on  grain  aixo.  In  a  aorloa  of  undorwator 


into  of  tho  anglo  of  ropoao  of  dlfforont  aand 


aizoa,  Inaan  (1979)  dotorainod  that  tho  friction  anglo  and 


tho  aodian  grain  alzo  could  bo  ralatod  by: 


0  •  26.6  ♦  20  <D  -  150) 


<S.l) 


for  tho  rango  150  <  0  <  250  alcrona,  whoro  D  la  in  alcrona 


and  0  in  dogrooa .  Tho  roaulting  alight  variation  in  0  for 


tho  oxporlaonta  ia  liatod  in  Tablo  5-1.  Tho  fall  volocity 


waa  coaputod  froa  Equation  (2.46)  uaing  varloua  atatlc 


aodiaont  paraaotora. 


All  of  tho  aodola  oxcopt  Holloraoior  (1962)  and 


Yalin  (1963)  contain  at  loaat  ono  undotoralnod  coofficlont. 


For  a  liat  of  which  coofficlonta  appoar  in  which  aodola. 


rofor  to  Tablo  2-1.  Tho  coofficlonta  in  tho  bodload  aodola 


woro  oithor  aaauaod  to  bo  conatant  for  all  oxporlaonta  (cf 


•b>  or  coaputod  by  tho  aothoda  dotailod  by  oach  author. 


thua  tho  coofficlonta  woro  in  no  way  changod  to  fit  tho 


data.  Tho  coofficlonta  uaod  in  oach  of  tho  aodola  woro 


coaputod  for  oach  day 'a  oxporlaonta  and  aro  liatod  in  Tablo 


5-2.  Tho  friction  factor  cf  ia  coaaon  to  aoat  tranaport 


aodola.  It  ia  aoant  to  doacrlbo  in  aoao  aannor  tho 


intonaity  of  tranaport.  Slnco  all  our  oxporlaonta  doacrlbo 


rolativoly  aiailar  intonaitioa  of  oacillatory  carpot-flow. 


wo  uaod  tho  aaao  cf  for  all  our 


l  A 


W,' 
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Table  5*2.  Coefficients  used  in  Transport  Models 

Dste  Friction  Slesth's  Msdsen  Drag  Bedlosd  Einstein' i 
Fsctor  Friction  6  Grant  Coef.  Efficiency  Hiding 


&  Lift  Friction 


Factor 


Cf 

Factor 

*1 

Factor 

cM 

CD 

«b 

« 

23Jun80 

0.007 

0.0182 

12.5 

8.0 

0.21 

1.2 

HAugdO 

0.007 

0.0168 

12.05 

9.7 

0.21 

2.2 

12SepBO 

0.007 

0.0175 

12.5 

11.0 

0.21 

1.8 

29Sep80 

0.007 

0.0182 

12.49 

10.3 

0.21 

1.6 

3Aug84 

0.007 

0.0161 

12.5 

11.0 

0.21 

2.2 

10Aug84 

0.007 

0.0154 

12.44 

10.0 

0.21 

2.2 

29Aug84 

0.007 

0.0112 

12.21 

10.0 

0.21 

3.4 

26Sep84 

0.007 

0.0140 

12.20 

11.0 

0.21 

4.2 

300ct84 

0.007 

0.0091 

12.29 

12.0 

0.21 

6.8 

cf  was  the  value  found  by  Thornton  (1970)  and  the 

average  calculated  from  Ballard's  (1981)  values. 
«b  in  the  value  found  by  Ballard  (1981). 
cd  is  obtained  from  Sleath's  <1984)  Figure  3.1. 

*1#  Cm •  end  {  were  obtained  fros  figures  in  Sleath 

<1978),  Madsen  and  Grant  <1976),  and  Abou-Seids 
<1965),  respectively. 
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axpariaanta.  Tharafora,  in  taatlng  tha  badload  Models,  it 
aakaa  abaolutaly  no  diffaranca  what  valua  wa  chooaa  for  cf, 
ao  long  aa  it  ia  conatant.  Tha  varianca  in  tha  aodal 
pradictiona  will  ba  coaparad  with  varianca  in  tha  tranaport 
aaaauraaanta,  and  tha  application  of  a  conatant  coafficiant 
can  aaka  no  diffaranca  in  tha  corralation.  Navarthalaaa, 
in  ordar  to  obtain  raaliatic  nuabara  for  tha  pradictad 
tranaport,  wa  coaparad  diffarant  atudiaa  in  which  cf  haa 
baan  aaaaurad  in  ordar  to  dataraina  a  raaaonabla  valua. 
Ballard  (1961)  aatiaatad  a  valua  for  cf  in  aurf  zona 
carpat-flow  conditiona.  Tha  only  fiald  data  in  Bailard'a 
(1981)  analyaia  with  grain  aizaa  aiailar  to  our  axpariaanta 
wara  Koaar'a  (1969)  Silvar  Strand  axpariaanta.  Ballard 
(1981)  aolvad  for  cf  valuaa  in  a  longahora  currant  aodal 
(Oatandorf  and  Madaan,  1979),  uaing  Koaar'a  (1969) 
aaaauraaanta  of  longahora  curranta.  Wa  avaragad  Ballard 'a 
(1961)  valuaa  of  cf  for  tha  Silvar  Strand  baach  (tha  only 
baach  with  grain  aizaa  aiailar  to  oura)  to  obtain  a  naan 
c£*0 . 007 .  Thornton  (1970)  taatad  hia  longahora  currant 
aodal  with  fiald  data  froa  ona  California  baach  and  alao 
found  a  cf  valua  of  0.007.  In  viaw  of  thia  agraaaant,  wa 
aalactad  tha  aaaa  valua  for  our  axpariaanta.  Tha 
coafficiant  fi  of  Slaath  (1978)  includaa  both  tha  friction 
factor  cf  and  an  attaapt  to  daacriba  tha  lift  forcaa  on 
individual  graina.  Ha  includaa  a  figura  in  hia  atudy  for 


dataraining  f i 


Th«  factor  Cm  of  NadiM  and  Grant  (1976)  la  an 
attaapt  to  includa  thraahold  valocity  in  tha  aodal  aa  a 
coafficlant  rathar  than  by  aubtracting  a  valua  froa  tha 
fluid  valocity,  aa  ia  dona  by  aoat  aodalara.  For  aurf  zona 
condltiona,  Cm  haa  tha  conatant  valua  of  12.5,  but  for  our 
laaa  anargatic  axpariaanta,  wa  coaputad  Cm  froa  tha 
aapirical  tabla  providad  by  Madaan  and  Grant  <1976).  Tha 
drag  coafficiant  cp  waa  coaputad  uaing  Slaath'a  (1964) 
Figura  3.1  which  connacta  diffarant  thaoriaa  for  drag 
coafficiant  coaputation. 

Tha  badload  afficiancy  «b  uaad  in  both  tha  Bagnold 
<1963)  and  Ballard  and  Inaan  <1961)  aodala  waa  obtalnad 
froa  a  aariaa  of  aodal  taata  uaing  fiald  data.  Ballard 
<1961)  obtalnad  a  badload  afficiancy  of  0.21  with 
laaat-aquaraa  aathoda  by  coaparing  tha  Ballard  and  Inaan 
<1961)  aodal  pradictiona  with  aaaaurad  aurf  zona  tranaport 
rataa.  Juat  aa  with  tha  friction  coafficiant  c£,  choica  of 
a  badload  afficiancy  will  not  affact  tha  taata  of  tha 
tranaport  aodala,  ainca  it  ia  aaauaad  not  to  vary  batwaan 
axpariaanta. 

Tha  final  coafficiant  in  Tabla  5-2  ia  Einatain'a 
"hiding  factor"  which  attaapta  to  account  for  tha  fact  that 
aoaa  graina  "hida"  banaath  othar  graina  in  tha  boundary 
layar.  It  waa  coaputad  according  to  tha  aathoda  of 
Abou-Saida  <1965)  and  ahould  ba  uaad  in  taating  Einatain'a 
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<1972)  oscillatory  flow  aodol,  but  will  not  bo  used  horo  in 
our  tost  of  his  stosdy  flow  aodol  (Einatoin,  1950) . 

Tho  transports  coaputod  by  osch  of  tho  17  aodols 
for  osch  of  tho  30  oxporiaonts  aro  liatod  in  tho  Appondix 
as  Tsblos  8-14  through  8-17.  A  siaplo  linosr  corrolstion 
was  porforaod  botwoon  thoso  transports  and  tho  transports 
aoasurod  with  sand  tracor  (Tablo  5-3) . 

Tho  slopo  a  in  Tablo  5-3  is  a  aoasuro  of  tho 
accuracy  of  tho  coofficionts  in  tho  aodol.  A  slopo  of  ono 
would  indicato  an  oxact  fit  botwoon  tho  aodol  coofficionts 
and  tho  aosn  aagnitudo  of  transport  in  tho  oxporiaonts. 

Vary  largo  alopoa  for  tho  Sloath  <1978)  and  Halloraoior 
<1982)  aodols  indicato  that  tho  coofficionts  in  tholr 
transport  aodols  sorioualy  undorprodict  transport.  This 
was  oxpoctod,  sines  thoir  aodols  wars  calibratod  with 
laboratory  oxporiaonts  porforaod  undor  oxtroaoly  aild  flow 
conditions.  Tho  vary  aasll  slopos  of  tho  Einatoin  <1950) 
aodols  wars  oxpoctod  in  this  attoapt  to  diroctly  translato 
stoady-flow  aodols  to  oscillatory  flow.  Tho  rosl  surpriso 
in  tho  slops  rosults  was  tho  cloaonoas  to  a  slopo  of  ono 
for  tho  Bsgnold  <1963),  Ballard  and  Znaan  <1981),  and  Hanos 
and  Bowon  <1985)  aodols.  Considoring  tho  dogroo  of 
uncortainty  in  arriving  at  appropriato  valuos  for  tho 
friction  coofflciont  and  tho  bodload  offlcioncy,  it  is 
roaarkablo  that  thoso  coofficionts  producod  rosults  within 
1  to  3X  of  tho  corroct  transports,  as  aoasurod  by  sand 
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Tabla  5-3.  Parforaanca  of  Badload  Nodala 


Part.  A:  u3  Modal  a 

SfiSiAl 

Mayar-Patar  Bagnold  Yalin  Ballard  &  Kobayaahl 

&  Muallar < 1948)  <1963)  <1963)  Inman <1981)  <1982) 

with  ut  with  ut 


Maan  Tr anapor t4 . 25 

3.06 

2.88 

20.36 

0.27 

0.77 

-0.49 

St.  Daviation32.48 

27.37 

26.54 

167.01 

26.40 

25.63 

6.58 

Slops,  a 

0.836 

1.013 

1.004 

0.167 

1.024 

1.064 

3.817 

Intarcapt,  b 

28.11 

28.56 

26.01 

34.93 

31.38 

30.84 

33.52 

Cor . Coaf . ,  r 

0.629 

0.643 

0.618 

0.647 

0.627 

0.632 

0.583 

90a  Confidanca  Liaita: 

< lowar ) 

0.601 

0.616 

0.590 

0.620 

0.599 

0.604 

0.553 

(uppar) 

0.656 

0.668 

0.645 

0.672 

0.655 

0.658 

0.612 

80a  Confidanca  Liaita: 

< lowar ) 

0.611 

0.625 

0.599 

0.629 

0.608 

0.614 

0.563 

< uppar) 

0.647 

0.660 

0.636 

0.664 

0.645 

0.650 

0.602 

70X  Confidanca  Liaita: 

< lowar) 

0.618 

0.632 

0.607 

0.636 

0.616 

0.621 

0.572 

< uppar ) 

0.640 

0.654 

0.629 

0.658 

0.638 

0.643 

0.594 

a  Sig. 

99.988 

99.992 

99.982 

99.999 

99.986 

99.99 

99.948 

a  Cor.  Dir. 

96.7 

86.7 

100 

96.7 

83.3 

lOO 

70.0 

Part  B:  u4  and  tfi  Modal a 


Modal 

Slaath  Hallaraaiar 

<1978)  <1982) 

with  ut 


Hanaa  ft  Bowan 
<1985) 
with  ut 


Maan  Tranaport 

0.11 

0.13 

0.13 

2.35 

2.46 

St.  Daviation 

0.68 

0.93 

0.92 

24.47 

24.74 

Slopa,  a 

38.97 

30.21 

30.57 

1.028 

1 .045 

Intarcapt,  b 

27.51 

27.69 

27.64 

29.25 

29.10 

Cor .  Coaf . ,  r 

0.616 

0.651 

0.651 

0.563 

0.594 

90a  Confidanca 

Liaita: 

< lowar) 

0.588 

0.624 

0.624 

0.555 

0.566 

<  uppar ) 

0.643 

0.676 

0.676 

0.611 

0.622 

80a  Confidanca 

Liaita: 

< lowar ) 

0.597 

0.633 

0.633 

0.565 

0.576 

< uppar ) 

0.635 

0.668 

0.688 

0.601 

0.612 

70a  Confidanca 

Limits: 

< lowar) 

0.605 

0.640 

0.640 

0.572 

0.583 

<  uppar ) 

0.627 

0.662 

0.662 

0.594 

0.605 

a  Significanca 

99 . 982 

99 . 999 

99 . 999 

99 . 948 

99 . 962 

a  Corract  Dir. 

96.7 

100 

100 

100 

100 

Tabla  5-3.  Parforaanca  of  Badload  Modal a 
Part  C:  u6  and  u"  Modal a 
Modal 

Madaan  &  Grant  Shibayaaa  &  Elnatain 

(1976)  Horikawa  (1980)  (1950) 


with  ut. 

with  ut 

with  ut 

Maan  Trana 

..  2.74 

2.76 

4.16 

4.13 

216.8 

622.10 

St .  Dav . 

40.07 

40.01 

60.90 

60.87 

952.0 

8540.0 

Slopa,  a 

0.6060  0.6051 

0.3987  0.3989 

0.0164 

0.00332 

Intarcapt 

30.00 

29.99 

30.00 

30.01 

28.00 

29.59 

Cor .  Coaf . 

0.563 

0.561 

0.563 

0.563 

0.362 

0.658 

90k  Confidanca  Llalta: 

( lowar ) 

0.535 

0.533 

0.535 

0.535 

0.334 

0.630 

( uppar ) 

0.591 

0.589 

0.591 

0.591 

0.390 

0.686 

80k  Confidanca  Llalta: 

(lowar) 

0.545 

0.543 

0.545 

0.545 

0.344 

0.640 

( uppar ) 

0.581 

0.579 

0.581 

0.581 

0.380 

0.676 

70k  Confidanca  Llalta: 

( lowar) 

0.552 

0.550 

0.552 

0.552 

0.351 

0.647 

( uppar ) 

0.574 

0.572 

0.574 

0.574 

0.373 

0.669 

k  Slg. 

99.906 

99.902 

99.906 

99.906 

95 . 104 

99.999 

k  Cor. Dir. 

93.3 

93.3 

93.3 

93.3 

80.0 

lOO 

Part  0:  Longahora  Tranaport  Modala 

ggdal, 

Ballard  &  Inatan  (1981)  Kobayaahi 

with  ut  (1982) 


Maan  Tranaport 

-0.017 

0.304 

0.269 

Standard  Daviatlon  6.14 

4.10 

4.53 

Slopa,  a 

0 . 3855 

0.1059 

0 . 9086 

Intarcapt,  b 

-8.81 

-9.30 

-9.06 

Cor .  Coaf . ,  r 

0.077 

0.014 

0.135 

90k  Confidanca 

Llalta: 

( lowar ) 

0.022 

-0.041 

0.081 

( uppar ) 

0.131 

0.069 

0.189 

80k  Confidanca 

Llalta: 

( lowar ) 

0.041 

-0.022 

0.099 

( uppar ) 

0.113 

0.050 

0.170 

70k  Confidanca 

Llalta : 

( lowar) 

0.055 

-0.008 

0.113 

( uppar ) 

0.099 

0.036 

0.157 

k  Slgnlflcanca 

28.2 

5.0 

47.4 

k  Corract  Dlractlon  80.0 

68.0 

88.0 

Table  5-3 


Performance  of  Badload  Nodal a 


Part.  E:  Bagnold'a  <1963)  u  u*2  Oacillatory  Modal 

I --No  threshold  appllad-- I  I --Thraahold  applied-- 
Method  of  computing  ua  (daacribad  balow) 


Naan  1 
St .  Dav . 
Slope,  m 
Intarcapt 
Cor . Coaf . 
90m  Confide 
( lowar) 

( uppar  > 

BOX  Confide 
< lowar ) 

< uppar) 

70X  Confide 
< lowar) 

( uppar ) 
x  Sig. 
x  Cor  Dir 


1.491 

11.15 

2.193 

28.39 

0.567 

mca  Limits: 
0.522 
0.612 

mca  Limits: 
0.537 
0.597 

mca  Limits: 
0.552 
0.582 
99.92 
76.7 


0.280 

40.17 

0.639 

31.48 


0.697 

10.41 

2.662 

29.81 


-0.371 

32.37 

0.830 

31.97 


0.595 

0.643 

0.623 

0.550 

0.598 

0.578 

0.640 

0.688 

0.668 

0.565 

0.613 

0.593 

0.625 

0.673 

0.653 

0.580 

0.628 

0.608 

0.610 

0.658 

0.638 

99.96 

99.992 

99.986 

76.7 

100 

100 

Sourca  #1 :  Surf aca- cor ractad  wava  haighta  (Tabla  4-1) 
Sourca  #2:  2  times  (total  velocity  variance  from  currant 

matar >0*5  (Table  4-2) 
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tractr .  We  can  only  conclude  that.  Ballard  (1981)  did  a 
vary  good  30b  of  aolving  for  tha  baat  value  of  thaaa 
coafflcianta  with  fiald  data. 

Tha  aigniflcanca  of  tha  intarcapt  between  tha  aaan 
pradictad  tranaport  and  tha  aaan  aaaaurad  tranaport  appaara 
to  ba  ralatad  to  tha  aaaaurad  tranaport,  ainca  It  la 
approxiaataly  conatant  for  all  aodala.  Diaagraaaant  in  tha 
tranaport  valuaa  between  tha  two  diffarant  colora  of  tracar 
waa  lntarpratad  aa  initial  offaat  in  tranaport.  That  ia, 
thara  aay  hava  bean  an  initial  artifical  tranaport  of 
tracar,  induced  by  tha  1  cm  high  buap  in  tha  bottom 
topography  caused  by  the  tracar  placement.  This 
interpretation  appaara  to  ba  confirmed  with  tha  tranaport 
modal  testa.  Tha  intarcapt  ia  remarkably  conatant  for  tha 
diffarant  tranaport  modal  predictions.  Since  tha  models 
are  quite  diffarant  from  each  other,  wa  must  conclude  that 
tha  Intarcapt  la  ralatad  to  soma  offset  in  tha  tracar  data. 
Ua  again  emphasize  that  this  will  hava  no  affect  in  judging 
either  tha  performance  of  tha  models'  functional  fora 
(which  uaaa  tranaport  variance)  or  in  judging  tha  adequacy 
of  tha  modal  coafflcianta  (which  waa  measured  by  tha  slope 
of  tha  correlations) .  This  error  in  maaauramant  presumably 
caused  by  initial  motion  has  bean  separated  aa  an  intarcapt 
in  tha  correlations. 

Tha  percent  significance  Hated  in  Table  5-3  ia  a 
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teat  of  tha  null  hypothesis.  That  la,  tha  percent  listed 
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Is  the  amount  of  confldanea  we  hava  that  tha  nodal  la  in 
aoaa  way  corralatad  with  aaaaurad  tranaport. 

Thara  ara  two  valuaa  In  tha  tabla  which  tall  ua  how 
wall  aach  nodal  parfornad.  Tha  "a  corract  diraetlon**  la  an 
indication  of  tha  parcant  of  axparlnanta  for  which  tha 
nodal  pradictad  tha  corract  aign  for  tha  tranaport,  i.a., 
onahora  or  offahora.  Claarly  thia  la  of  graat  inportanca. 
Ona  vary  claar  raault  la  that  tha  application  of  a 
thraahold  crltarion  (for  initiation  of  aadinant  notion)  la 
oftan  nacaaaary  to  obtain  tha  corract  direction  of 
tranaport  (i.a.,  tha  Bagnold  (1963)  and  Ballard  and  Innan 
(1981)  nodala) .  In  tha  correlation  taata  of  Section  4.5 
(parfornad  directly  between  powera  of  fluid  velocity  and 
tha  aaaaurad  tranaport),  wa  datarninad  that  application  of 


a  thraahold  criterion  waa  nacaaaary  to  obtain  tha  corract 
tranaport  direction  in  all  axparlnanta,  ragardlaaa  of  which 
nonant  waa  being  taatad.  In  tha  caaa  of  individual 
tranaport  nodala,  thin  waa  alao  oftan  true. 

Tha  paranatar  in  Tabla  5-3  which  daacribaa  tha 
ability  of  aach  nodal  to  correctly  predict  tranaport  ia  tha 
correlation  coefficient.  It  natchaa  tha  variance  in  tha 
aaaaurad  tranaporta  with  tha  variance  in  tha  nodal 
pradictiona.  In  general,  tha  correlation  dacraaaaa  aa  tha 
power  of  tha  fluid  velocity  incraaaaa.  That  la,  tha  nodala 
which  uaa  high  powara  of  fluid  velocity  auch  aa  uS  or  u& 
parforn  poorly  conparad  to  nodala  uaing  u3  or  u*.  By 
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comparing  the  correlation  coefficienta  we  can  dataralna 
which  modal a  perform  batter  than  othara.  However,  wa  are 
working  with  a  limited  number  of  empirical  data  pointa. 

Thla  meana  that  dlfferencea  in  correlation  coefficienta 
between  the  modela  may  not  be  atatiaticelly  aignif leant. 

In  order  to  make  atatiaticelly  aignificant  concluaiona 
regarding  relative  model  performance*,  we  muat  conaider 
confidence  limita  on  the  correlation  coefficienta. 

The  90*,  60*,  and  70*  confidence  intervale  are 
Hated  in  Table  3-3.  If  the  confidence  intervale  for  two 
modela  do  not  overlap,  then  it  ia  poaaible  to  conclude  that 
one  model  performed  better  than  the  other.  Theae 
concluaiona  are  preaented  aa  90*  and  60*  confidencea  in 
Table  3-4.  Each  of  the  modela  ia  liatad  in  the  table  along 
both  the  left  and  the  top  of  each  central  box.  Xnalde  the 
box  ia  a  matrix  of  all  poaaible  coabinationa  of  any  two 
modela.  Whenever  a  conclualon  regarding  the  relative 
performance  of  two  modela  la  poaaible,  an  arrow  ia  placed 
in  the  matrix  pointing  to  the  better  model.  The  aateriaka 
indicate  which  modela  predlctad  tranaport  direction 
correctly  100*  of  the  time,  which  la  alao  of  importance  in 
judging  model  performance.  At  60*  confidence,  additional 
concluaiona  are  available  and  are  indicated  by  double-lined 
arrowa  in  the  60*  confidence  matrix  in  the  lower  half  of 


the  table 


Table  5-4.  Conclusions  on  Transport  Modal  Performances 

Part  A.  Conclusions  at  90*  Confidence 

KEY:  Arrow  points  to  the  better  model. 

•:  Model  predicts  correct  transport  direction  for 

all  experiments. 

th:  threshold  criterion  applied 
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Table  5-4.  Conclusions  on  Transport.  Modal  Perforaancea 

Part.  B.  Conclusions  at  80*  Confidanca 

KEY :  Arrow  points  to  tha  batter  modal . 

•:  Modal  pradicts  corract  transport  diraction  for 

all  experiments. 

th:  threshold  criterion  applied 
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The  conclusions  mads  in  Tsbls  9-4  inform  us  ss  to 
which  modsls  work  best.  Sines  ws  know  whst  assumptions  and 
what  transport  physics  arm  prsssnt  in  sach  of  ths  models, 
it  is  also  possible  to  make  some  conclusions  regarding  the 
basic  assumptions  in  each  of  the  models.  In  general,  we 
can  conclude  that  lower  moments  of  the  fluid  velocity  <u3 
and  u*>  work  better  than  higher  moments. 

We  can  conclude  that  overdetermining  the  transport 
physics  by  including  more  variables  than  are  necessary  to 
describe  transport  (Kobayashi,  1982)  can  have  detrimental 
effects  on  model  performance.  Kobayashi #a  model  is 
extremely  complicated  and  contains  many  variables.  Its 
performance  was  quite  poor  compared  to  other  u3  models 
and  was  the  poorest  of  all  the  models  in  predicting  the 
correct  direction  of  transport. 

A  conclusion  regarding  the  relative  importance  of 
the  two  u*  models  <Slesth,  1978;  Hallermeier,  1982)  becomes 
available  only  at  79*  confidence.  Hallermeier' s  model 
performs  better  than  Sleath 'a  at  that  level  of  confidence. 
But  the  difference  in  functional  form  between  those  two 
models  is  the  inclusion  of  a  measure  of  lift  forces  in 
Sleath' a  formulation.  With  79k  confidence  we  can  say  that 
either  Sleath  erred  in  the  manner  in  which  he  included  lift 
forces,  or  they  are  not  a  vary  important  part  of  transport 
physics.  The  Sleath  and  Hallermeier  models  are  the  only 


models  tested  which  contain  the  wave  orbital  diameter  as 


on*  of  th*  variable*.  Tha  Hal lar malar  nodal  parforna 
bettor  than  any  of  tha  u*  or  u*  nodal a.  but  It  la  unclaar 
whether  thla  la  dua  to  a  dlffaranca  In  tha  power  of  u  uaad 
or  dua  to  tha  lnclualon  of  tha  orbital  dlanatar  In  tha 
tranaport  aquation. 

Slnea  tha  Hanaa  and  Bowan  (1965)  nodal  la  tha  only 
one  which  lncludaa  datalla  of  tha  phyalca  within  tha  moving 
bad.  It  waa  hopad  that  It  would  perform  wall.  At  BOX 
confidence,  moat  of  tha  u3  and  u*  modala  parfornad  batter. 
One  explanation  for  poor  parformanca  of  thla  modal  la  that 
It  waa  Intandad  to  daacrlba  vary  lntanaa  unldlractlonal 
flowa  and  may  not  be  applicable  to  tha  ralatlvaly  low 
tranaporta  occurring  In  tha  naarihora.  Another  poaalbla 
explanation  la  tha  fact  that  many  ammumptlonm  regarding  tha 
bahavlor  of  tha  many  coafflclanta  In  thalr  modal  wara  mad* 
by  Hanaa  and  Bowan  <196S)  In  ordar  to  obtain  a  almpla 
numarlcal  approximation  of  tha  tranaport  coefficient  for 
thalr  modal.  Tha  various  paramatara  In  thalr  modal  which 
thay  raducad  to  ona  almpla  numbar  may  ba  variables  which 
era  not  yet  wall  understood. 

Tha  poor  parformanca  of  tha  u&  modala  la  claar  avan 
at  90*  confidence.  Thasa  models  ara  empirically  baaed  on 
laboratory  axparlmants.  Unlaaa  raaaonabla  thaoratlcal 
justifications  and  axparlmantal  variflcation  can  ba 
obtalnad  for  thasa  modala.  thay  should  ba  rajactad. 


Tha  behavior  of  tha  Einatain  <1950)  modal,  taatad 
both  with  and  without  a  thraahold  critarion,  ia  quita 
Intareating.  Without  a  thraahold  critarion  it  ia  clearly 
tha  worat  modal  examined.  Yat  with  a  thraahold  it  haa  tha 
highaat  corralation  of  all  tha  aodala  taatad.  Why  ahould 
thara  ba  thia  wida  diaparity  in  bahavior?  Tha  final 
formulation  of  tha  Einatain  modal  la  uniqua  in  only  ona 
way.  It  allowa  a  variabla  powar  of  u  in  lta  tranaport 
ralation.  Aa  tha  intanalty  of  tranaport  increaeea,  tha 
appropriata  powar  of  u  incraaaaa.  Such  variability  in  tha 
exponent  would  tand  to  exaggerate  tha  affact  of  a  thraahold 
critarion,  ainca  tha  valocitlaa  lowar  than  thraahold  which 
hava  baan  ramovad  wara  alao  aubject  to  variabla 
axponantlatlon  in  tha  original  modal.  Furtharmora,  tha 
algnificant  corralation  obtalnad  with  tha  thraahold 
Einatain  modal  talla  ua  that  it  la  quita  poaaibla  that 
Einatain* a  poatulata  of  incraaalng  powar  of  u  with 
lncraaalng  tranaport  may  ba  corract.  Navarthalaaa,  thia 
poatulata  ia  by  no  maana  provan  with  our  data,  ainca 
Einatain* a  modal  doaa  not  perform  aignif icantly  battar  than 
moat  u3  modela  at  90*  confidanca  (Table  5-4). 

Bagnold  (1963)  auggaatad  replacing  tha  u3  moment  in 
hla  modal  with  u  u»2,  if  it.  wara  applied  to  oacillatory 
flow.  Ha  poatulatad  that  tha  bottom  atraaa  might  ba 
proportional  to  tha  maximum  orbital  velocity  aquarad,  u»2. 


rather  than  tha  oacillatory  valoclty  aquarad 


Wa  compared 


both  formulations  in  our  modal  taata.  In  Part  A  of  Tabla 
5-3  tha  u3  momant  ia  used.  wharaas  in  Part  E  tha  u  u,2 
momant  ia  uaad.  Tha  momant  ua  waa  computad  uaing  both 
mathoda  of  Tablaa  4-1  and  4-2.  Comparing  tha  mathoda  for 
tha  caaa  in  which  no  thraahold  critarion  waa  uaad.  wa 
concluda  at  90m  confidanca  that  uua2  parformad  laaa  wall 
than  u3  for  tha  caaa  of  praaaura-aanaor  darivad  ua  and  at 
tha  aama  level  of  statiatical  performance  for  the  came  of 
current-meter  derived  ua.  For  the  caaea  in  which  thraahold 
criteria  ware  applied,  no  statistically  significant 
difference  in  performance  waa  observed  between  the  two 
momenta  at  90*  confidence.  For  our  data  sat  tha  choice 
between  u3  and  ua3  for  tha  bottom  stream  apparently  aakea 
no  statistical  difference. 

In  addition  to  tha  correlations  presented  in  Tables 
5-3  and  5-4.  wa  also  plotted  the  30  predictions  of  computed 
versus  measured  transport  for  each  model  (Appendix  1).  The 
dashed  line  in  each  figure  is  a  line  of  slope  one  and  thus 
a  measure  of  the  model  coefficient  performance.  However, 
we  caution  against  attempts  to  visually  conclude  how  well 
each  model  performs,  since  tha  functional  form  of  each 
modal  can  ba  judged  only  by  correlating  the  variance  in 
measured  and  predicted  transports. 

The  longshore  bedload  transport  waa  computed  from 
the  Bailard  and  Inman  (1931)  and  Kobayashi  (1992)  models 
uaing  25  experiments.  Tha  correlations  with  measured 
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longshore  transport  appaar  in  Tabla  5-3,  Part  D.  Tha 
longahora  transport  aodala  all  parformad  quita  poorly.  Tha 
transport  dlraction  was  of tan  incorract  (north  or  aouth) . 
Tha  corralation  coafficianta  for  tha  aodala  wara  all  laaa 
than  0.2,  indicating  vary  littla  corralation  with  aaasurad 
transport.  Howavar,  tha  tracar  sampling  grids  wara 
dasignad  to  aaasura  crosahora,  not  longahora  transport. 
Thara  wara  conaidarably  aora  aaapla  points  in  tha  crosahora 
than  tha  longahora  diraction.  Tha  low  corralations  in 
Tabla  5-3  for  tha  longahora  transport  aodala  aay  indicata 
that  longahora  aaapling  was  inadaquata  rathar  than  poor 
nodal  parforaanca.  This  la  confiraad  by  tha  finding  that 
tha  Ballard  and  Inaan  (1981)  crosahora  transport  nodal  is 
ona  of  tha  battar  aodala.  Tha  aachanics  and  aaauaptiona 
uaad  in  tha  darivation  of  tha  crosahora  and  longahora 
aodala  was  axactly  tha  aaaa.  Physically  it  would  aaka  no 
aanaa  for  tha  crosahora  nodal  to  parfora  wall  and  tha 
longahora  nodal  to  parfora  poorly. 
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Yalln  <1963),  Equation  <2.21>:  Chang*  tha  nodal 
coefficient  £roa  0.639  to  0.106. 

Baqnold  <1963),  Equation  (2.32),  and  Ballard  and 
In nan  (1981),  Equation  <2.34):  Apply  a  thraahold  critarion 
< Equation  4.4);  uaa  cf*0.007  and  Ballard' a  <1961)  aatimata 
of  Cb*0.21. 

Kobayaahi  <1982),  Equation  <2.36):  Thia  la  not 
racoaaandad  for  uaa  dua  to  poor  pradiction  of  tranaport 
diractlon.  If  uaad,  changa  tha  aodal  coafficiant  from  1.65 
to  6.30,  and  uaa  cf *0.007. 

Slaath  <1978),  Equation  <2.36):  Changa  tha  aodal 
coafficiant  from  47  to  1832,  raplaca  f i  with  cf,  and  uaa 
cf *0.007. 

Hallaraaiar  <1982),  Equation  <2.39):  Changa  tha 
aodal  coafficiant  froa  < 10) 1 *5*31 . 6  to  955. 

Hanaa  and  Bowan  <1985),  Equation  <2.41):  Tha  uaa 
of  thia  vary  aiaplifiad  varaion  of  thair  aodal  la  not 
racoaaandad  for  uaa  dua  to  poor  correlation  with  aaaaurad 
tranaport.  If  uaad,  no  chanaa  in  tha  aodal  coafficiant  la 
nacaaaary.  Uaa  cf *0.007. 

Madaen  and  Grant  <1976),  Equation  <2.45),  and 
Shibayaaa  and  Horikawa  <1980),  Equation  <2.46):  Do  not 
uaa.  Corralationa  with  aaaaurad  tranaport  ara  axtraaaly 
poor.  If  uaad,  apply  tha  thraahold  condition  of  Equation 
<4. 4)  rathar  than  Nadaan  and  Grant '  a  lnclualon  of  thraahold 
in  a  variable  coafficiant.  Changa  Madaan  and  Grant' a 


coefficient  of  2  Cm  *25  to  IS  and  Shibayama  and  Horikawa'a 
coefficient  of  38  to  15.  Uae  cf *0.007. 

Einatein  <1950),  Equation  (2. SO)  and  hia  eapirical 
curvea:  Do  not  uae  without  fir at  applying  a  threahold 

criterion  (Equation  4.4).  Multiply  computed  tranaporta  by 
0.0033,  or  apply  a  friction  coefficient  auch  aa  cf*0.007. 


S.3  01 menalonal - ana lvala.  model 


In  Section  2.2  we  derived  a  tranaport  model  by 
determining  each  of  the  variablea  neceaaary  to  deacribe 
aediment  tranaport,  applying  diaenaional  analyaia 
techniquea,  and  arriving  at  an  expreaaion  for  tranaport. 
Thla  expreaaion  waa  placed  in  a  fora  which  gathered  the 
variablea  into  well-known  nondimenaional  ratioa  of 
f luld-aediment  parametera .  The  model  ia  repeated  here: 
•el  «c2  «c3  M 

+  *  kq  R  0'  S  </>//>»)  (5.2) 


in  which  the  •c' a  are  all  undetarmined .  The  tranaport  4  and 
each  of  the  three  variablea  ia  nondimenaional.  The 
Reynold' a  number  R  ia  a  ratio  of  inertial  to  viacoua 
forcea.  The  Shielda'  number  0'  ia  a  ratio  of  drag  and 
gravitational  forcea.  Many  tranaport  modela  contain  only 
the  Shielda'  number  aa  their  predictor  of  tranaport  (Hanea 
and  Bowen,  1985;  Madaen  and  Grant,  1978;  Shibayama  and 
Horikawa,  1980).  The  Strouhal  number  S  ia  the  ratio  of 


drag  to  inertial  forcea.  Both  R  and  S  contain  inertial 
forcea.  If  they  are  multiplied  together,  we  would  obtain  a 


third  type  of  dimensionless  fore*  ratio,  tha  ratio  of  drag 
to  viacoua  forces,  known  as  tha  “atraa»ing“  Reynold's 
number,  R».  Tha  ratio  (,»//*>  r  “specific  •ass,"  is  a 
aaasura  of  tha  relative  inertias  of  the  sediment  and  fluid 
components  and  does  not  vary  in  our  experiments.  Therefore 
we  will  be  unable  to  determine  any  variation  of  transport 
with  specific  mass  in  our  dats. 

The  values  of  various  nondimensional  force  ratios 
were  computed  for  each  of  our  experiments  using  threshold 
criteria  (Equation  4.4)  and  are  listed  in  Table  5-5. 

Recall  that  the  fluid  measurements  for  29  September  I960 
were  lost.  Thus  R,  R»,  and  9  could  not  be  computed  for 
that  day,  and  we  did  not  use  the  transport  data  from  that 
experiment  to  teat  models.  The  Irribaren  number  is  a 
parameter  which  many  investigators  have  found  to  be 
important  in  surf  zone  studies  <i.e..  White  and  Inman, 
1967b) .  It  is  a  measure  of  the  amount  of  energy  reflected 
from  the  beach  face.  Since  it  is  more  applicable  to  surf 
zone  studies  nearer  the  beach  face,  we  will  not  use  it  in 
conjunction  with  our  measurements  outside  the  surf  zone. 

In  order  to  determine  the  values  of  the  exponents 
in  Equation  (5.2),  we  computed  correlations  between 
measured  nondimensional  tranaport  and  various  powers  of 
each  of  the  three  nondimensional  force  ratios  R,  R« ,  and 
9'  .  The  results  are  presented  in  Table  5-6.  In  each  case 
the  best  correlation  was  obtained  for  the  power  which 
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Table  5-5.  Nondimensional  Ratios  of 
Fluid-Sediment  Paraaatara 


Experiment  Reynold's 

Streaming 

Strouhal 

Modified  Irribaren 

Number 

Reynold's 

Number 

Shields'  Number 

Number 

Number 

R 

*a 

S 

0'  crb 

23 

Jun 

80 

2.43 

23300 

9600 

2.19 

0.026 

11 

Aug 

60 

0.210 

3580 

17064 

0.157 

0.235 

12 

Sep 

60 

0.199 

3320 

16703 

0.179 

0.120 

29 

Sep 

80 

21105 

0.111 

3 

Aug 

84 

-11.43 

-115000 

10056 

14.15 

0.018 

10 

Aug 

84 

11.17 

85500 

7662 

11.53 

0.010 

29 

Aug 

84 

-11.97 

-65100 

5437 

7.28 

0.053 

26 

Sep 

84 

6.19 

50700 

8197 

5.60 

0.072 

30 

Oct 

84 

0.879 

3960 

4506 

1.01 

0.042 

Definitions: 


R  a  <U>D 
V 

R«  *  <a>d.n 
v 

S  « 

D 

O'  “  *<W2> 

D 

=rb  a  jq.  t*P23 
H  <r2 


A  threshold  has  been  applied  to  <u>  in  computing 
R ,  Ra ,  and  0'  : 

<u>  «  <u>  for  all  uj  >  ut 
*  0  for  all  ut  <  ut 


Table  5-6.  Reynold' a  and  Shields'  Nuabera  Correlation 
with  Tranaport  (A  threahold  haa  been  applied.) 


Part.  A.  Reynold' a  Number,  R ,  Correlation 
with  Dimenaionleaa  Tranaport  * 


Moment  <R**> 


n  » 

1 

2 

3 

4 

5 

6 

Mean 

0.126 

32.1 

2.94 

2.35 

1.80 

1.36 

xl03 

xl05 

xl07 

xl09 

St.  Dev. 

6.45 

320. 

1.86 

1  .24 

9.24 

7.48 

xl04 

xlO® 

xl07 

xl09 

Slope,  m 

0.0249 

5.00 

8.22 

1.15 

1.46 

1.72 

xlO-4 

xlO"® 

xlO-7 

xl0-9 

xlO-H 

Intercept 

0.174 

0.161 

0.153 

0.150 

0.151 

0.153 

Cor .  Coef . 

0.644 

0.641 

0.612 

0.573 

0.540 

0.515 

90*  Confidence  Llmita: 

( lower) 

0.617 

0.613 

0.583 

0.542 

0.507 

0.481 

(upper) 

0.670 

0.666 

0.639 

0.603 

0.571 

0.548 

BOX  Confidence  Limits: 

< lower) 

0.626 

0.623 

0.593 

0.553 

0.519 

0.493 

<  upper ) 

0.661 

0.658 

0.630 

0.593 

0.561 

0.537 

70X  Confidence  Limits: 

(lower) 

0.633 

0.630 

0.600 

0.561 

0.527 

0.502 

(upper) 

0.655 

0.651 

0.623 

0.586 

0.553 

0.529 

X  Sig. 

99 . 992 

99 . 992 

99.978 

99 . 930 

99.832 

99 . 380 

Part  B.  Streaming  Reynold 'a  Number  R*  Correlation 
with  Dimenaionleaa  Tranaport  * 


Moment  <Rsn> 


n  * 

1 

2 

3 

4 

5 

6 

Mean 

3.47 

3.45 

2.70 

2.03 

1.50 

1.10 

xl03 

xl05 

xl07 

xl09 

xlOH 

X1013 

St .Dev . 

4.99 

2.66 

1 .63 

1.13 

8.58 

7.04 

xl04 

xlO® 

xlO® 

xlOlO 

xlOll 

xlOl3 

Slope,  m 

3.18 

5.77 

8.88 

1.20 

1.50 

1.75 

xlO-6 

xio-e 

xlO-10 

xlO-11 

xlO-13 

xlO-13 

Intercept 

0.166 

0.157 

0.153 

0.152 

0.154 

0.158 

Cor . Coef . 

0.636 

0.616 

0.581 

0.544 

0.515 

0.495 

90 X  Confidence  Limita: 

( lower) 

0.608 

0.587 

0.550 

0.511 

0.481 

0.459 

( upper) 

0.662 

0.643 

0.610 

0.575 

0.547 

0.528 

BOX  Confidence  Limits: 

< lower) 

0.618 

0.597 

0.561 

0.522 

0.493 

0.472 

( upper) 

0.653 

0.634 

0.600 

0.564 

0.536 

0.516 

70X  Confidence  Limits: 

< lower ) 

0.625 

0.604 

0.568 

0.530 

0.501 

0.480 

<  upper ) 

0.647 

0.627 

0.593 

0.556 

0.528 

0.508 

x  Sig. 

99 . 990 

99.980 

99.944 

99.848 

99.692 

99.504 
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Table  5-6.  Reynold' a  and  Shielda'  Numbera 
Correlation  with  Transport 
(A  thraahold  haa  baan  appliad.) 

Part.  C.  Modiflad  Shielda'  Number  8'  Correlation 
with  Oiaanaionlaaa  Tranaport  * 


Moment  <8n> 


n  * 

1 

2 

3 

4 

5 

6 

Mean 

9.83 

8.89 

6.27 

2.34 

5.14 

8.22 

xlO-2 

xlOl 

xl04 

xlO® 

X1012 

Xl0l6 

St .  Dav . 

7.85 

2.15 

7.78 

3.56 

2.02 

1.40 

xlO-1 

xl03 

xlO6 

xlOlO 

xl0l4 

xioia 

Slope,  m 

2.10 

7.09 

1.80 

3.68 

6.13 

8.36 

xlO-1 

xl0-5 

xio-e 

xlO-12 

xl0“16 

xlO-20 

Intercept 

0.197 

0.183 

0.178 

0.178 

0.180 

0.184 

Cor .  Coaf 

.  0.659 

0.610 

0.560 

0.525 

0.498 

0.470 

90%  Confidence  Limita: 

( lower) 

0.633 

0.581 

0.528 

0.492 

0.463 

0.435 

<  upper ) 

0.684 

0.638 

0.590 

0.557 

0.531 

0.505 

80%  Confidence  Limita: 

< lower) 

0.642 

0.591 

0.539 

0.503 

0.475 

0.447 

(upper) 

0.676 

0.628 

0.580 

0.546 

0.520 

0.493 

70%  Confidence  Limita: 

< lower) 

0.649 

0.598 

0.547 

0.512 

0.484 

0.456 

(upper) 

0.670 

0.622 

0.573 

0.538 

0.512 

0.485 

%  Sig. 

99 . 998 

99.976 

99.900 

99.756 

99.548 

99.196 

contains  ths  first  powar  of  the  fluid  velocity.  Ssallsr 
fractional  powara  of  aach  paraaatar  wara  alao  attespted, 
but  ^uat  aa  wa  found  in  Saction  4.2,  corralations  wara 
quita  poor.  Furtharsora,  tha  pradictad  diraction  of 
croaahora  tranaport  was  oftan  incorract  whan  fractional 
powara  of  u  wara  usad. 

By  examining  tha  confidanca  intarvals  of  tha 
corralations,  wa  can  concluda  with  69*  confidanca  that  tha 
first  powar  of  tha  stressing  Reynold's  nuabar  Re  is  batter 
than  other  powers  of  Ra,  with  89*  confidanca  that  tha  half 
powar  of  0'  ia  batter  than  other  powara  of  O' ,  and  with  75* 
confidanca  that  tha  correct  powar  of  tha  Reynold's  nuabar 
auat  be  either  one  or  two.  Wa  can  further  concluda  with 
70*  confidanca  that  tha  Shields'  nuabar  ia  a  batter 
predictor  than  atraaaing  Reynold's  nuabar.  Values  of  tha 
wave  orbital  diaaatar  needed  to  coaputa  tha  Strouhal  nuabar 
S  did  not  vary  significantly  during  tha  course  of  aach 
day's  axpariaants.  Thus  there  wara  only  eight  data  points 
for  *”v  correlation  between  Strouhal  nuabar  and  tranaport. 
Thia  ia  an  insufficient  nuabar  to  obtain  correlations  with 
sufficiently  narrow  confidanca  intervals  to  enable 
conclusions  regarding  tha  appropriate  powar  of  S  in 
Equation  <5.2 > . 

Each  of  tha  three  variables  in  Table  5-6  say  be 
used  alone  as  a  predictor  of  aadlaant  transport.  Tha 
appropriate  tranaport  aquations  are: 


♦  «  0.0249  <R>  ♦  0.174 


(5.4) 


♦  *  3.16x10-6  <Ra>  ♦  0.166  <5. 5) 

Just  as  with  correlations  of  ths  transport  aodals  in 
Section  5.1#  we  caution  that  the  intercepts  in  Equations 
(5.3),  (5.4),  and  (5.5)  say  be  due  to  errors  in  tracer 
measurements.  Plots  of  measured  versus  predicted  transport 
for  the  three  variables  in  Equations  (5.3),  (5.4),  and 
(5.5)  are  included  in  Appendix  1. 

We  have  determined  the  appropriate  powers  of  R,  Rs, 
and  9  for  transport  prediction,  if  each  of  these  variables 
alone  were  to  be  uaed  as  a  predictor.  But  when  they  are 
combined  as  in  Equation  (5.2)  there  are  Intercorrelations 
among  these  three  variables.  When  their  product  in 
Equation  (5.2),  RSV9,  is  correlated  with  transport,  the 
intercorrelations  may  result  in  less  correlation  with 
transport  4.  In  fact,  the  correlation  for  such  a  model  was 
found  to  be  0.562,  somewhat  less  than  for  one  of  the 
variables  alone.  We  need  to  perform  a  multiple  linear 
regression  on  our  set  of  variables,  in  which  the  variables 
are  all  varied  at  the  same  time  in  order  to  determine  the 
best  possible  combination  for  predicting  transport.  We 
performed  multiple  regressions  on  these  variables,  and  it 
was  discovered  that  combinations  of  the  variables  could  not 
be  found  which  had  atatiatically  significant  higher 
correlations  with  transport  than  R,  Rs,  or  9  alone.  The 
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reason  for  this  is  that  ws  hsvs  a  statistically  larg* 
nuabsr  of  aaasuraa  of  only  two  parameters,  transport  and 
fluid  velocity.  Nondissnsionsl  parameters  such  as  R,  Ra, 
or  8  contain  fluid  velocity  and  various  other  variables  for 
which  we  have  at  moat  eight  estimates  during  the 
experiments.  Parameters  such  as  orbital  diameter,  grain 
size,  fluid  viscosity,  and  sediment  density  did  not  vary 
significantly  enough  to  produce  a  statistically  large 
amount  of  variation.  Any  attempt  to  correlate  combinations 
of  these  parameters  with  transport  simply  emphasizes  the 
fact  that  our  only  statistically  significant  independent 
variable  is  fluid  velocity. 

We  present  the  model  in  Equation  <5.2>  to  future 
investigators.  It  contains  all  the  macroscopic  variables 
necessary  to  determine  sediment  transport  and  aeparates  the 
different  types  of  physical  forces  into  nondimenslonal 
parameters.  In  order  to  properly  test  it,  sufficient 
variation  must  occur  in  some  of  the  dimensional  variables. 
Any  one  data  set  is  unlikely  o  contain  such  variation. 
Perhaps  after  a  aufficient  number  of  investigators  have 
performed  transport  experiments  in  sufficiently  different 
conditions,  we  can  determine  the  appropriate  functional 
fora  for  each  of  the  independent  variables. 


6.  CONCLUSIONS 


The  set  of  30  experiments,  which  included 
■•••uruanta  of  fluid  velocity,  bedload  thickneaa,  and 
bedload  velocity,  allows  several  conclusions  to  be  reached 
based  on  linear  correlations  between  the  different 
variables.  Correlations  between  both  computed  quantities 
(from  bedload  aodels)  and  measured  variables  enable  us  to 
make  conclusions  about  the  behavior  of  transport  thickness, 
transport  velocity,  friction  factors,  transport 
eff lclencies,  threshold  criteria,  appropriate  functional 
forma  of  bedload  models,  relative  importance  of  different 
physical  forces,  required  accuracy  in  measurements,  and  the 
relative  performance  of  different  bedload  transport  models. 
Specific  recommendations  for  the  use  of  each  bedload  model 
are  listed  in  Section  S.2. 

1 .  The  thickness  of  the  bedload  does  not  correlate 
well  with  wave  height  or  fluid  velocity,  as  has  been 
suggested  by  others  (Sunamura  and  Kraus,  1985) .  But  the 
transport  thickness  is  very  well  correlated  with  orbital 
diameter . 

2.  The  application  of  a  threshold  criterion  to  the 
fluid  velocity  is  essential  in  determining  the  correct 
direction  of  aediment  tranaport  (onshore  or  offshore) .  But 
the  different  threshold  theories  tend  to  agree  well  enough 
that  in  practice,  it  does  not  matter  which  of  the  threshold 


theories  is  used 
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3.  Lower  powers  of  the  fluid  velocity  predict 
aedlment  transport  better  than  higher  lonenta.  With  90* 
confidence,  we  conclude  that  <u>  and  <u2>  momenta  are 
better  predlctora  than  <u^>,  <u®>,  or  <u^> .  Also  at  90X 
confidence,  <u^>  predicta  better  than  <u®>  or  <u^>. 

4.  Fractional  power a  of  u  auch  aa  <uO.S>  performed 
algnlf lcantly  poorer  than  any  other  moment  taated.  At  90x 
confidence  It  perforaa  more  poorly  than  <u«>  with  n»l  to  S. 
Furthermore,  It  predicta  the  correct  direction  of  tranaport 
for  only  70x  of  the  experimenta,  whereaa  <u“>  for  all  n*l 
to  6  alwaya  predicta  the  correct  direction. 

5.  Accurate  meaaureaent  of  fluid  velocity, 
particularly  the  mean  which  la  Included  in  all  tranaport 
modela,  la  critically  Important  in  determining  tranaport 
direction.  In  fact,  it  la  auch  more  important  than  the 
choice  between  lower-order  momenta  (u3  and  u*  tranaport 
modela) . 

6.  The  performance  of  u3  aa  a  tranaport  predictor 
wea  compared  with  the  mama-order  momenta  of  uum^  %iieg*icild, 
1963)  and  u(u2*v2)  (Ballard  and  Inman,  1961).  No 
atatiatically  algnlf leant  difference  in  performance  warn 
obaerved.  In  the  came  of  u<u2+v2)  thla  warn  due  to  the  very 
email  valuea  of  v  in  our  data. 

7.  The  combination  of  Ballard'a  (1961)  eatimate  of 
bedloed  efficiency  «b"0.21  with  cf»0.007  Cbaaed  on  both 
Thornton 'a  (1970)  and  Komar *  a  <1969)  longehore  current 


u«aur*»*nti]  war*  in  remarkably  good  ag: 


nt  with  the 


■•aauraBtnta  in  this  experiment  <l-3x  error). 

8.  Including  aora  var iablaa  in  transport  aodala 
than  ara  nacaaaary  (Kobayaahi,  1982)  rasulta  in  aignificant 
datarioration  in  nodal  parforaanca,  in  addition  to 
incraaaad  axparinantal  affort  and  theoretical  complication. 

9.  With  79*  confidence  we  conclude  that  either 
lift  forcea  are  not  important  compared  to  drag  forces  in 
transport  calculations,  or  lift  force  description  was 
performed  improperly  (Sleath,  1978) . 

10.  With  80X  confidence  we  conclude  that  the  Hanes 
and  Bowen  <1985)  modal  performed  significantly  leas  well 
than  several  other  aodala.  This  may  b*  due  to  insufficient 
knowledge  of  their  many  modal  parameters,  inapplicability 
to  our  data  of  the  very  intense  type  of  transport  described 
by  them,  or  different  flow  regimes. 

11.  With  90x  confidence  we  conclude  that  the  u& 
transport  models  (Madsen  and  Grant,  1976;  Shibayama  and 
Horlkawe,  1980)  performed  significantly  poorer  than  most 
other  models.  These  empirical  transport  models  should  not 
be  used,  unless  aignificant  experimental  and  theoretical 
verification  are  obtained. 

12.  It  la  possible  that  n  in  i  *c  <un>  is  a  variable 
and  not  a  constant.  Allowing  n  to  vary  (Einstein,  1950) 
produced  high  correlations,  although  not  statistically  aora 
significant  than  u3  models.  The  possibility  that  n 


IncrMMS  in  a  specified  aannar  ••  i  incr 


should  ba 


considered  by  aodelera. 

13.  Reynold's  nuabar,  streaming  Reynold's  number, 
end  particularly  Shields'  number  ere  esch  significant 
predictors  of  transport. 

14.  More  experiments  under  widely  varying 
conditions  ere  necessary  to  determine  transport's 
dependence  on  fluid  viscosity  v,  specific  mass  />*/>».  wave 
orbitel  diameter  d0,  and  grain  size  D.  Such  experiments 
would  also  allow  determination  of  the  proper  combination  of 
nondimensional  force  ratios,  such  as  Reynold's.  Shields' 
and  Strouhal  numbers,  in  predicting  transport. 
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APPENDIX  1 


Haaaurcd  varaua  Pradictad  Transport. 


For  each  of  tha  badload  aodala  taatad  in  this  study, 
tha  30  data  points  of  pradictad  varsus  saaaurad  transport 
ara  plottad.  In  soma  casas  both  tha  original  sodal  and  tha 
aodal  with  thrashold  critarion  wara  taatad.  For  thasa 
sodal a,  tha  original  aodal  data  ara  plottad  as  solid  dots, 
and  tha  aodal  with  thrashold  critarion  ara  plottad  as  opan 
circlaa  on  tha  saaa  figura. 

A  slopa  of  ona  is  Indies tad  on  tha  figuras  by  tha 
dashad  lina.  How  closaly  tha  data  approach  a  slopa  of  ona 
is  a  aaaaura  of  tha  accuracy  of  tha  sodal  coaff icianta,  but 
not  of  tha  functional  form  of  tha  nodal.  Tha  functional 
fora  is  tastad  with  tha  corralstion  coafficiants  in  Tabla 
3-3. 
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Figure  8-5.  Hanes  and  Bowen  (1985)  model. 
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STREAMING  REYNOLDS  NUMBER  MODEL 


Figur*  8-9.  Streaming  Reynold's  nuabar  modal. 


APPENDIX  2:  Transport  Thieknsss 


loth  sssns  <p)  and  standard  daviationa  <  cr) 
of  Zo  ara  liatad  for  aach  of  tha  following  aatiaators: 

"Crickaora  profila**  (no  nagativa  eoneantratlon  gradianta) 
appliad  to: 

A:  Zo  •  2ECN (z)  z)/OI(z)  (Whits  and  Inaan,  1987a) 

B:  Z0  *  ECN(z>  nzl/NMx  (Crickaora,  1987) 

Original  concantration  profila  appliad  to: 

C:  80k  cutoff  (Kraus  at  al,  1982) 

D:  90k  cutoff  (Kraus  at  al,  1982) 

E:  1.0  graina/graa  panatration  (Inaan  at  al,  1980) 

F:  0.9  graina/graa  panatration  (Inaan  at  al,  1980) 

G:  Z0  *  2ECN(z)  zl/EN(z)  (Inaan  at  al,  1980) 

H:  Haxiaua  panatration  (King,  1951;  Koaar,  1969) 


Tabla  8-1 .  Summary  of  Transport  Thicknass,  Z0» 
for  Rod  Trocor  (295  total  aaaplaa) 

Both  aoana  <a>  and  standard  davlatlona  <cr)  of  Z0  art  liatad 
for  oach  of  tho  following  aatiaatora: 

“Crick aora  prof! la"  (no  nagatlva  concantratlon  gradiants) 
appllod  to: 

A:  Zo  -  2SCM(z>  z]/OI(z)  (Whita  and  Inaan,  1987a) 

BS  Zo  *  E£N(z)  4z3/Maax  (Crick aora,  1967) 

Original  concantratlon  prof 11a  appllad  to: 

C:  80k  cutoff  (Kraus  at  al,  1982) 

D:  90k  cutoff  (Kraua  at  al,  1982) 

E:  1.0  gralna/graa  panatration  (Inaan  at  al,  I960) 

P:  0.5  gralna/graa  panatration  (Inaan  at  al,  1980) 

G:  Zo  *  2ECN (z)  z3/£N(z)  (Inaan  at  al>  1980) 

H:  Kaxlaua  panatration  (King,  1951;  Koaar,  1969) 


Data  Nuabar  Transport  Thlcknaaa  Eatlaataa  (ca) 


Part  A:  Rad  Tracar  (295  total  aaaplaa) 


23 J un80 

29 

a 

2.26 

1.66 

1.71 

2.25 

3.89 

4.50 

2.35 

7.58 

or 

0.98 

1.11 

1.05 

1.12 

2.89 

3.27 

1.40 

3.42 

HAugdO 

56 

a 

2.06 

1.65 

1.57 

1.92 

2.93 

3.36 

2.18 

7.35 

9 

1.63 

2.31 

2.24 

2.43 

3.93 

3.99 

3.04 

3.99 

12Sap80 

53 

a 

2.46 

1.90 

1.93 

2.55 

2.40 

3.17 

2.59 

6.93 

O' 

1.72 

1.71 

2.03 

2.52 

2.87 

2.86 

2.39 

3.46 

29Sap80 

21 

a 

3.45 

2.52 

2.28 

4.14 

0.60 

2.11 

3.16 

9.43 

O' 

1.75 

1.97 

1.67 

3.30 

0.82 

2.65 

1.86 

2.76 

3Aug64 

19 

a 

1.83 

1.36 

1.47 

1.93 

2.52 

2.99 

1.89 

4.05 

O' 

0.70 

0.59 

0.65 

0.83 

1.59 

1.45 

0.77 

2.04 

10Aug84 

13 

a 

1.38 

0.99 

1.20 

1.47 

1.38 

1.86 

1.42 

2.54 

<r 

0.61 

0.45 

0.57 

0.84 

1.55 

1.49 

0.57 

1.68 

2 3 Aug 64 

44 

a 

1.36 

1.04 

1.11 

1.44 

1.99 

2.27 

1.46 

2.77 

O' 

0.72 

0.60 

0.72 

0.83 

1.66 

1.66 

0.90 

1.62 

28Sap84 

30 

a 

1.92 

1.31 

1.41 

1.87 

3.34 

3.96 

1.69 

6.45 

9 

0.79 

0.72 

0.77 

0.93 

2.40 

2.43 

0.97 

2.68 

300ct84 

30 

a 

.  2.00 

1.11 

1.40 

2.23 

3.80 

4.76 

1.97 

8.70 

9 

1.23 

1.11 

1.26 

1.79 

2.97 

3.03 

1.75 

2.33 

Tabla  8-2.  Summary  of  Transport.  Thicknaaa,  ZQ, 
for  Graan  Tracar  (260  total  aaaplaa) 


Both  aaana  and  standard  daviatlona  (<r>  of  Z0  ara  liatad 

for  aach  of  tha  following  aatiaatora: 

"Crickaora  prof i la"  (no  nagativa  concantration  gradianta) 
appllad  to: 

A:  Z0  *  2EIN(z)  z3/EN(z)  (Whita  and  Inman,  1987a) 

B:  Zq  »  ECN(z)  hzl/Naax  (Crickaora,  1967) 

Original  concantration  profila  appllad  to: 

C:  80*  cutoff  (Kraua  at  al,  1982) 

D:  90*  cutoff  (Kraua  at  al,  1982) 

E:  1.0  grains/graa  panatratlon  (Inaan  at  al,  1980) 

F:  O.S  gralna/graa  panatratlon  (Inaan  at  al,  1980) 

G:  Z0  *  2ECM(z)  zl/m<z)  (Inaan  at  al,  1980) 

H:  Maxiaua  panatratlon  (King,  1951;  Koaar,  1969) 


Data  Nuabar  Transport  Thicknaaa  Eatiaataa  (ca) 

of  Coras  ABCDEFGH 


Part  B:  Graan  Tracar  (260  total  aaaplaa) 


23Jun80 

28 

a 

2.22 

1.62 

1.66 

2.17 

4.14 

5.20 

2.27 

8.42 

O’ 

0.90 

1.13 

1.03 

1.15 

3.31 

3.38 

1.35 

2.80 

HAugdO 

70 

a 

1.90 

1.44 

1.27 

1.75 

2.37 

3.50 

1.96 

7.51 

O' 

1.65 

1.91 

1.89 

2.37 

3.46 

4.34 

3.00 

4.28 

12Sap80 

57 

a 

3.16 

2.67 

2.83 

3.46 

2.87 

3.83 

3.60 

7.81 

tr 

1.85 

2.79 

2.59 

2.83 

3.17 

3.40 

3.33 

3.19 

29Sap80 

25 

a 

3.81 

2.75 

2.41 

3.97 

0.51 

1.17 

3.59 

10.11 

<r 

1.52 

1.68 

1.54 

2.90 

0.88 

1.36 

1.94 

2.33 

3Aug84 

10 

a 

1.47 

1.14 

1.15 

1.50 

2.09 

2.52 

1.49 

3.71 

or 

0.80 

0.68 

0.78 

0.89 

1.47 

1.58 

0.85 

2.24 

10Aug84 

2 

a 

0.85 

0.65 

0.63 

1.00 

0.88 

1.00 

0.84 

1.63 

o 

0.21 

0.04 

0.00 

0.38 

0.50 

0.63 

0.16 

1.00 

29Aug84 

21 

a 

1.27 

0.92 

1.08 

1.39 

1.55. 

1.82 

1.39 

2.23 

«r 

0.87 

0.67 

0.92 

1.04 

1.26 

1.48 

1.14 

1.83 

26Sap84 

24 

a 

1.88 

1.29 

1.41 

1 .98 

2.84 

3.46 

1.83 

6.63 

(T 

0.79 

0.71 

0.78 

0.91 

2.53 

2.56 

0.69 

2.94 

300ct84 

23 

a 

1.44 

0.79 

1.05 

1.44 

4.10 

4.63 

1.37 

7.28 

o 

0.70 

0.38 

0.76 

0.96 

2.52 

2.80 

0.73 

3.03 

168 


Tabla  6-3.  Transport  Thlcknass: 

Rad  Traear  at  Tor ray  Plnaa 
<295  total  saaplaa) 


Expariaant  No.  of  Transport  Thicknaaa  Eatiaataa  <ca> 
_ Coras  A _ g _ £ _ Q _ E  F  G _ & 


23Jun60#l 

6 

K 

1.78 

1.08 

1.13 

1.81 

4.02 

4.39 

1.73 

7.84 

t r 

0.66 

0.63 

0.61 

0.67 

2.86 

3.06 

0.64 

3.51 

#2 

4 

I* 

2.50 

1.78 

1.94 

2.19 

4.59 

4.72 

2.51 

5.84 

9 

1.10 

0.82 

0.84 

0.94 

3.50 

3.45 

0.97 

3.21 

#3 

10 

l» 

2.62 

2.02 

2.08 

2.50 

3.58 

3.89 

2.67 

8.86 

9 

1.06 

1.50 

1.41 

1.29 

2.79 

2.59 

1.98 

2.01 

#4 

7 

P 

2.29 

1.67 

1.86 

2.57 

3.91 

4.14 

2.42 

5.91 

tr 

0.91 

0.81 

0.69 

1.23 

2.71 

2.91 

0.86 

3.62 

HAug80#l 

6 

1.99 

1.28 

1.33 

1.83 

0.61 

0.65 

1.76 

6.83 

9 

1.16 

1.02 

0.82 

1.17 

0.69 

0.72 

1.07 

4.04 

#2 

10 

2.17 

1.92 

1.91 

2.36 

1.96 

2.39 

3.06 

6.71 

«r 

1.68 

2.65 

2.69 

3.12 

3.21 

3.06 

4.81 

3.61 

#3 

11 

2.51 

2.42 

2.17 

2.60 

3.36 

4.15 

2.67 

7.85 

cr 

2.36 

3.73 

3.57 

3.63 

4.67 

4.75 

3.89 

4.23 

#4 

6 

l* 

2.01 

2.04 

1.92 

2.23 

2.69 

2.81 

2.63 

7.22 

cr 

1.94 

2.81 

2.57 

2.93 

3.16 

3.24 

3.73 

4.00 

#5 

8 

»» 

1.79 

1.12 

1.09 

1.25 

2.84 

3.09 

1.46 

7.75 

or 

0.92 

0.70 

0.74 

0.97 

3.60 

3.67 

0.65 

4.17 

#6 

13 

k 

2.06 

1.22 

1.18 

1.53 

4.31 

4.87 

1.72 

8.33 

tr 

0.89 

0.66 

0.51 

0.71 

4.72 

4.53 

0.72 

3.19 

12Sap80#l 

6 

I4 

1.72 

0.89 

1.29 

1.77 

1.02 

1.42 

1.61 

6.92 

tr 

1.68 

0.34 

0.99 

1.82 

0.55 

0.60 

1.29 

3.60 

#2 

9 

»* 

3.07 

2.03 

2.36 

3.76 

3.22 

3.63 

2.98 

6.57 

tr 

2.45 

1.79 

3.00 

4.27 

4.11 

4.10 

2.72 

4.07 

#3 

9 

H 

2.94 

2.67 

2.74 

3.07 

3.03 

3.76 

3.65 

7.08 

tr 

1.89 

2.43 

2.51 

2.63 

3.14 

3.37 

3.54 

3.56 

#4 

9 

* 

2.43 

2.02 

1.97 

2.44 

1.99 

3.35 

2.81 

6.57 

tr 

1.38 

1.78 

1.53 

1.79 

1.71 

1.61 

2.46 

2.11 

#5 

8 

K 

1.87 

1.37 

1 .50 

1.68 

1.73 

2.58 

1.94 

5.53 

tr 

0.79 

0.90 

0.94 

1.00 

2.23 

1.92 

1.06 

3.38 

#6 

12 

K 

2.61 

1.79 

a 

2.45 

3.08 

3.79 

2.44 

8.53 

tr 

1.40 

1.49 

1.84 

1.74 

2.95 

2.74 

1.72 

2.88 

29SapdO#l 

3 

N 

2.10 

1.07 

0.96 

2.29 

0.71 

0.71 

1.55 

4.88 

IT 

1 .05 

0.61 

0.24 

1.33 

0.31 

0.31 

0.66 

3.12 

#2 

1 

#3 

5 

I4 

3.12 

2.49 

2.25 

3.60 

0.38 

1.20 

2.70 

10.30 

tr 

1.69 

1.92 

1.92 

3.19 

0.52 

0.93 

1.66 

1.47 

#4 

4 

»» 

2.85 

1.60 

2.53 

2.97 

0.59 

1.94 

2.83 

7.81 

O’ 

1.07 

0.97 

1.47 

1.50 

0.53 

0.65 

1.40 

1.71 

#5 

4 

H 

4.56 

2.46 

4.74 

3.72 

5.94 

0.64 

1.64 

10.50 

tr 

2.21 

1.30 

2.05 

1.74 

3.90 

1.46 

1.98 

1.22 

#6 

4 

k 

4.31 

2.07 

2.38 

6.41 

0.50 

2.56 

4.09 

11.25 

9 

1.68 

0.56 

0.95 

3.67 

0.80 

1.63 

1.72 

1.09 
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Table  8-4.  Transport  Thickness: 

Rad  Tracer  at  SIO 
(299  total  samples) 


Experiment  No.  of  Transport  Thickness  Estimates  (cm) 
_ Cores  A _ B _ £ _ 0 _ S _ E _ fi _ £ 


3Aug64#l 

11 

k 

1.60 

1.22 

1.31 

1.76 

2.24 

2.72 

1.72 

3.42 

V 

0.30 

0.42 

0.45 

0.62 

1.01 

0.95 

0.56 

1.36 

#2 

8 

l* 

2.14 

1.53 

1.69 

2.16 

2.91 

3.38 

2.12 

4.92 

a* 

0.82 

0.72 

0.81 

1.00 

2.09 

1.88 

0.94 

2.45 

10Aug64#l 

9 

k 

1.57 

1.13 

1.40 

1.71 

1.81 

2.31 

1.65 

2.97 

«r 

0.60 

0.43 

0.55 

0.87 

1.70 

1.59 

0.51 

2.09 

#2 

4 

k 

0.93 

0.63 

0.75 

0.94 

0.44 

0.94 

0.69 

1.56 

O' 

0.35 

0.10 

0.28 

0.45 

0.21 

0.48 

0.26 

0.60 

29Aug64#l 

11 

k 

1.26 

1.00 

0.97 

1.35 

2.48 

2.66 

1.52 

3.44 

tr 

0.78 

0.79 

0.74 

0.84 

2.47 

2.50 

1.27 

2.69 

#2 

18 

k 

1.39 

1.07 

1.18 

1.49 

1.44 

1.90 

1.49 

2.40 

O' 

0.72 

0.37 

0.74 

0.84 

0.43 

1.14 

0.80 

1.09 

#3 

15 

k 

1.38 

1.02 

1.13 

1.44 

2.28 

2.42 

1.44 

2.73 

or 

0.68 

0.46 

0.66 

0.79 

1.32 

1.29 

0.65 

1.32 

26Sep84#l 

11 

k 

1.91 

1.01 

1.40 

2.03 

3.20 

3.83 

1.73 

6.51 

O' 

0.88 

0.67 

0.79 

1.05 

2.23 

2.33 

0.95 

1.93 

#2 

9 

k 

1.80 

1.30 

1.26 

1.57 

2.81 

4.07 

2.01 

6.12 

O' 

0.73 

0.87 

0.85 

0.92 

2.42 

2.57 

1.31 

3.42 

#3 

10 

l> 

2.06 

1.35 

1.55 

1.95 

3.98 

4.00 

1.96 

6.66 

O' 

0.71 

0.33 

0.64 

0.72 

2.41 

2.40 

0.48 

2.59 

300ct84#l 

8 

k 

2.16 

0.83 

1.25 

2.77 

3.63 

5.69 

1.88 

8.96 

O’ 

1.08 

0.38 

1.01 

2.33 

2.73 

2.96 

0.96 

1.65 

#2 

6 

k 

2.14 

0.96 

1.79 

2.60 

4.10 

4.56 

2.63 

8.94 

O' 

0.96 

0.27 

1.03 

1.36 

1.53 

1.63 

2.06 

2.12 

#3 

9 

k 

1.39 

0.79 

0.90 

1.43 

3.81 

4.75 

1.34 

9.89 

or 

0.93 

0.58 

0.78 

1.13 

2.98 

3.06 

1.09 

1.52 

#4 

9 

k 

2.40 

1.41 

1.74 

2.43 

3.69 

4.29 

2.23 

7.17 

O' 

1.48 

1.61 

1.68 

1.89 

3.72 

3.57 

2.19 

2.68 
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Tabla  8-5.  Transport  Thicknasa: 

Grssn  Tracar  at  Tor ray  Pinas 
(260  total  sasplas) 


Exparlsant  No.  o£  Transport  Thicknass  Estiaatas  <c«> 


23JundO#l 


HAugdO#! 


10  |i 


11  k 


11  I* 


13  |t 


12Sap60#l 


10  a 


10  p 


12  p 


29Sap80#l 


1.93 

0.49 

2.47 

0.95 

2.34 
1.07 
2.36 
0.89 
1.12 
0.87 

2.45 
2.23 

2.46 
2.27 
1.72 

1.70 
1.68 
1.00 
1.85 
0.71 
2.56 
1.68 
3.45 
2.68 

3.70 
1.79 

3.35 

1.36 

2.70 
0.91 
3.34 
1.78 
3.16 
0.54 
2.11 
0.11 

4.15 
2.07 
4.00 
1.90 

4.16 
1.13 
3.99 
1.07 


1.11 

0.59 

2.00 

1.00 

1.85 

1.56 

1.69 
0.65 
0.57 
0.37 
2.17 

2.74 

1.15 
1.29 

1.74 
2.72 
1.08 
0.73 
1.10 
0.70 
0.65 
0.30 

3.67 

4.51 

3.16 
2.81 
2.41 
1.66 

1.56 
0.36 
2.72 

2.56 
1.53 
0.37 
1.29 
0.47 
1.96 

1.17 

2.69 

1.68 

2.51 
1.06 
1.61 
0.52 


1.28 

0.64 

1.94 

0.94 

1.83 

1.48 

1.60 

0.56 

0.56 

0.58 

2.11 

3.19 

1.18 

2.02 

1.45 

2.26 

0.90 

0.79 

1.22 

0.55 

1.96 

1.92 

3.29 
4.23 
3.59 
2.74 
2.79 
1.37 
2.18 
0.95 

3.22 
2.56 

1.29 
0.62 
0.68 
0.50 
2.69 
1.90 
3.27 
1.90 
2.73 
0.96 

2.23 
1.14 


1.78 
0.71 
2.38 
1.00 

2.19 
1.36 
2.57 
1.22 
0.92 
0.73 

2.41 
3.17 

2.42 

3.65 
1.95 
2.56 
1.13 
0.92 

1.51 
0.64 
3.05 

2.56 

3.66 

4.56 

4.19 
3.11 

3.52 

1.56 
2.81 
1.01 

3.78 

2.66 
1.54 
0.96 
1.13 
0.50 
5.41 
3.67 
4.63 
3.03 

4.56 
2.46 
4.02 

2.20 


4.70 

3.87 
4.91 

3.35 
3.10 
2.81 
4.32 
3.10 
0.56 
0.64 

2.41 

3.39 
2.26 
3.82 
1.63 
2.65 
1.61 

2.15 

3.88 

4.16 

1.39 

1.16 
2.79 
4.04 
2.49 
2.81 
3.96 

3.41 
1.86 
1.74 
3.57 
3.19 
0.58 
0.46 
1.00 
0.38 
0.09 
0.16 
0.45 
0.84 
1.02 

1.35 
0.07 
0.15 


5.94 

3.72 

5.78 

3.16 

4.56 

3.10 

4.93 
3.46 
1.04 
1.02 
2.70 
3.24 
4.51 

5.20 
2.02 
2.87 

3.43 
4.86 
5.29 

4.56 
1.77 

1.57 

4.69 

4.49 

3.21 
3.07 
5.45 

3.69 

2.49 
1.65 
4.32 
2.89 
0.58 
0.46 
1.13 
0.50 
0.09 
0.16 
0.96 
0.77 

2.44 

1.94 
1.07 
0.66 


1.79 

0.79 

2.61 

1.04 

2.54 
1.96 

2.39 
0.78 
0.90 
0.67 

3.19 
4.94 
2.29 

3.39 

2.20 
3.76 
1.37 
0.84 
1.60 
0.69 

2.43 
2.07 

4.44 
5.50 
4.72 
3.75 
3.52 
2.06 
2.63 
0.77 
3.9^ 
3.10 
1.99 
0.75 
1.66 
0.45 

4.45 
2.67 
4.16 
1.96 
3.98 
1 .06 

3.55 
1.89 


6.16 

3.87 
7.69 
1.67 
8.36 
1.43 

6.63 

2.64 

4.73 
4.16 

7.64 
4.25 

8.58 

3.62 

6.95 

4.10 
9.00 
4.50 

7.96 

3.64 
6.41 
3.04 

7.93 
3.35 

6.64 

2.73 
8.29 

3.46 
7.90 
3.14 

.  '  ..  _5 

2.87 

9.58 

2.63 
7.56 

3.94 
11.25 

0.63 

10.50 

2.10 
10.00 

2.06 

10.30 

1.47 


v 

jf  V, 


,  »v 


4 

•V 


Tabla  8-6.  Transport  Thlcknasa 
Croon  Trocor  at  SIO 
(260  total  aaaplaa) 
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Expariaant 

No.  of 
Coraa  A _ 

Transport 
_ B _ C 

Thlcknaaa 

_ D _ E _ 

Eatlaataa 

_ F _ G _ 

(Cl) 
_ 11 

3Aug64#l 

4 

k 

1.46 

1.07 

1.13 

1.56 

2.03 

2.44 

1.57 

3.75 

a 

0.66 

0.46 

0.53 

0.69 

1.62 

1.32 

0.73 

1.76 

#2 

6 

a 

1.46 

1.16 

1.17 

1.46 

2.13 

2.56 

1.44 

3.69 

a 

0.89 

0.78 

0.91 

1.00 

1.36 

1.73 

0.91 

2.50 

10Aug84#l 

2 

k 

0.65 

0.66 

0.63 

1.00 

0.68 

1.00 

0.84 

1.63 

a 

0.21 

0.04 

0.00 

0.38 

0.50 

0.63 

0.16 

1.00 

#2 

0 

29Aug84#l 

5 

i* 

1.22 

0.95 

0.93 

1.27 

1.48 

1.90 

1.50 

2.60 

a 

0.83 

0.87 

0.73 

0.73 

1.33 

2.00 

1.59 

2.88 

#2 

7 

i* 

1.13 

0.90 

0.94 

1.19 

1.09 

1.44 

1.17 

1.95 

a 

0.82 

0.73 

0.93 

0.97 

0.80 

1.11 

0.96 

1.26 

#3 

9 

k 

1.43 

0.65 

1.29 

1.63 

2.00 

2.11 

1.53 

2.17 

a 

0.92 

0.47 

0.95 

1.16 

1.39 

1.36 

0.93 

1.35 

26Sop84#l 

a 

k 

1.89 

1.07 

1.50 

2.22 

2.42 

3.48 

1.74 

5.67 

a 

0.76 

0.62 

0.72 

0.91 

2.60 

2.72 

0.64 

2.34 

•2 

9 

a 

1.90 

1.48 

1.38 

1.85 

2.75 

3.10 

1.94 

6.32 

a 

0.98 

0.94 

0.99 

1.02 

2.34 

2.49 

1.16 

3.47 

#3 

7 

a 

1.63 

1.26 

1.34 

1.68 

3.43 

3.69 

1.60 

8.11 

a 

0.53 

0.28 

0.45 

0.69 

2.59 

2.39 

0.43 

2.15 

300ct84#l 

6 

* 

1.20 

0.69 

0.63 

0.68 

2.60 

3.06 

1.02 

7.67 

a 

0.53 

0.29 

0.36 

0.61 

1.65 

2.00 

0.42 

2.50 

#2 

4 

i* 

1.27 

0.71 

0.66 

1.50 

3.94 

4.75 

1.18 

6.66 

a 

0.49 

0.27 

0.53 

0.57 

2.39 

2.95 

0.49 

3.49 

#3 

7 

a 

1.64 

0.96 

1.30 

1.59 

5.43 

5.79 

1.69 

7.13 

a 

0.86 

0.49 

0.87 

1.03 

2.51 

2.95 

0.93 

3.17 

•4 

6 

k 

1.55 

0.72 

1.29 

1.79 

4.15 

4.77 

1.47 

7.46 

a 

0.65 

0.27 

0.81 

1.12 

2.34 

2.45 

0.67 

2.94 

APPENDIX  3:  NMSurad  Fluid  Velocity 

In  Tabla  8-7  ih«  mvm  fluid  valocity  aoaanta  ua«d 
in  thin  ntudy  nrn  lintnd  for  tho  30  axpariaanta,  along  with 
diannaionf ull  transport,  i,  and  diaannionlaan  transport,  ♦. 
For  tha  10  Augunt  1984,  29  Auguat  1984,  and  28  Saptaabar 
1984  axpariaanta  tha  aoaants  liatad  ara  avaragaa  for  tha  two 
currant  aatara. 

In  Tabla  8-6  tha  othar  aix  aoaanta  ara  corralatad 
with  tha  firat  aoaant  to  illuatrata  how  wall  corralatad  tha 
aoaanta  ara  with  aach  othar.  Navarthalaaa,  non-ovarlap  of 
tha  90*  confidanca  intarvala  ahowa  that  tha  firat  through 
aixth  aoaanta  ara  atatiatically  diatinct  froa  aach  othar. 
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Tabla  8-7.  Fluid- velocity  aoaants  and  transport. 
(Fluid  valocitiaa  ara  in  units  o£  Cca/sJn.) 
(Oiaanaional  transport,  i ,  is  in  units  Cdynaa/ <ca-a> 3 . ) 


Expariaant  Transport  Fluid-valocity  aoaant  <un>  <Eq.  4.4) 

i  * 

n  *  0.5  1  2  3  4  5  8 

_ x!Q3  x1Q5  x!Q7  xlO9 


23  Jun  80 


#1 

76.8 

0.312  0.325 

2.75 

208.  16.0 

12.6 

10.1 

8.28 

#2 

77.7 

0.315  0.162 

1.35 

116.  9.45 

7.64 

6.19 

5.08 

#3 

91.9 

0.373-0.0832 

0.73 

70.1  6.11 

5.18 

4.39 

3.77 

#4 

44.8 

0.182  0.227 

1.07 

84.4  6.66 

5.29 

4.28 

3.53 

Aug 

80 

#1 

66.4 

0.096-0.0066 

0.096 

3.70  .141 

.052 

.019 

.0066 

#2 

23.8 

0.119-0.0033 

0.125 

5.28  .222 

.093 

.039 

.0162 

#3 

4.2 

0.021  0.176 

0.149 

7.21  .344 

.165 

.079 

.0388 

#4 

4.9 

0.024  0.110 

0.147 

7.17  .345 

.166 

.080 

.0391 

#5 

6.0 

0.030-0.124 

0.130 

6.41  .309 

.148 

.071 

.0343 

#6 

7.0 

0.035  0.0123 

0.106 

5.26  .254 

.121 

.058 

.0280 

Sap 

80 

#1 

104.5 

0.683-0.000 

0.221 

10.0  .457 

.209 

.096 

.0443 

#2 

85.6 

0.559  0.0240 

0.092 

4.05  .178 

.079 

.035 

.0158 

#3 

87.9 

0.574-0.000 

0.125 

5.23  .221 

.095 

.041 

.0179 

#4 

9.6 

0.063-0.000 

0.081 

3.39  .144 

.062 

.027 

.0118 

#5 

23.0 

0.150  0.035 

0.083 

3.41  .143 

.061 

.026 

.0114 

#6 

14.6 

0.095-0.000 

0.120 

5.02  .214 

.093 

.041 

.0182 

Aug 

84 

#1 

-26.2* 

-0.178-0.725 

-7.43  - 

■420.-26.5- 

18.7-14.7- 

12.7 

#2 

-20 . 2* 

-0.138-0.874 

-7.10  - 

-386.-23.3- 

15.7- 

■11.7 

-9.67 

Aug 

84 

#1 

146.3 

0.824  0.948 

7.33 

421.  24.9 

15.7 

10.7 

7.80 

#2 

21.5 

0.121  0.418 

6.11 

357.  21.4 

13.8 

9.61 

7.28 

Aug 

84 

#1 

-39.2- 

-0.213-0.788 

-6.53  - 

■234.-8.92- 

3.64 

-1.58 

-.725 

#2 

-20.9- 

-0.113-1  .15 

-6.55  - 

233.-8.83- 

3.56 

-1.52 

-.683 

#3 

-14.3- 

-0.078-0.482 

-6.39  - 

•231.-8.87- 

3.60 

-1.53 

-.675 

Sap 

84 

#1 

64.0 

0.415  0.869 

4.14 

161.  6.67 

3.05 

1.49 

.775 

#2 

23.7 

0.154  0.058 

3.79 

153.  6.66 

3.14 

1.60 

.876 

#3 

21.5 

0.139  0.583 

3.72 

158.  7.28 

3.67 

2.00 

1.18 

Oct 

84 

#1 

20.4 

0.159  0.107 

0.418 

19.4  .987 

.536 

.307 

.184 

#2 

3.8 

0.030  0.274 

0.775 

31.1  1.37 

.654 

.336 

.183 

#3 

15.9 

0.124  0.488 

0.650 

26.5  1.16 

.546 

.276 

.148 

#4 

24.8 

0.193  0.338 

0.597 

25.2  1.14 

.550 

.282 

.  153 

p  <  • 


'k\ 

i'Xt 

v 


‘.'i  «v  »,!v!'»vi*Jv  *1*  i*v>* 
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Table  8-8.  Velocity  Moment  Correlations  with  <u> 


(All  correlations  at  99.999999*  significance  level. 
Velocity  sosents  are  given  by  Eq.  4.4.  Means,  standard 
deviations,  and  intercepts  are  in  units  of  Ccm/a3n.) 


Velocity  Mean  Standard  Slope  Intercept  Corr.  Confidence 
Moment  Deviation  Coef .  Interval  on 

mb  r  Correlation 


<U0.S>  -5.93 
xlO-4 


4.88 

xlO-1 


6.17  -0.0338  0.811 


,795  .800  .80S 
,826- .821- .817 


3.02 

xlO-2 


3.56 


<u2> 


1.31 

xlOl 


1.76 

xl02 


1.97 

xlO-2 


-0.228 


0.974 


,972  .972 
,976- .976- 


<u3> 


1.21 

xlO3 


1.02 

xl04 


3.23 

xlO-4 


-0.362 


0.925 


.918  .921 
,  931 -.929- 


<u*> 


9.50 

xl04 


6.71 

xl05 


4.54 

xl0“® 


-0.401 


0.856 


.843  .848 
.868-. 864- 


<u5> 


7.05 

xlO® 


4.96 

Xl07 


5.73 

xl0”8 


-0.373  0.798 


,781  .787 
.814-. 809- 


<u®> 


5.02 

xlO® 


4.03 

xlO® 


6.69 

xlO-10 


-0.306  0.757 


.737  .744 
.776-. 769- 


[hi- 

E««i. 


■ft; 


1 


t'u'y 


m 


,yiv 


hv 


V, 

■**; 


i,1. 


rU'V 

I 


APPENDIX  4:  Energy  Spectra 

Energy  epectra  are  illustrated  for  the  eight 
experiment  days.  Croaahore  currents,  longshore  currents, 
and  ses-surfsce  elevation  are  listed  separately.  "CM 
indicetes  a  current  seter,  "P"  a  pressure  sensor,  and  '*U“  a 
wsvestsff.  Current  aetera  aeaaure  current  in  ca/s,  and 
their  spectra  are  in  units  of  <ca/a>2/Hz.  Pressure  sensor 
aessureaents  are  converted  to  surface-corrected  wave  heights 
and  then  used  to  compute  spectra  with  power  densities  of 
ca^/Hz.  Waveataffa  measure  the  mean  surface  elevation,  and 
their  spectra  also  have  units  of  ca^/Hz.  Wave  heights 
derived  froa  waveataffa  and  surface-corrected  pressure  are 
comparable. 

The  same  scales  and  lower/upper  limits  for  both 
abscissa  and  ordinate  were  kept  for  all  spectra,  for  ease  of 


comparison 


£  IgurM 


Itor*  velocity 


APPENDIX  5:  Correlations  with  Transport  Thickness 


Table  8-9.  Correlation  of  Transport  Thickness  with 

Parameters  from  Surf ace-Corrected  Wave  Heights 
<d0  and  u*  are  from  Table  4-1.) 

Means  and  standard  deviations  are  in  units  of  cm  for  Haj.g 
and  D C 8-©t, )  and  cm/s  for  ua.  Intercepts  are  in  cm. 

Correlation  with:  H«ho  D(8-8tO  <u»>0»5  <u„>  <u»>2 


Part  A:  Rad  Tracer  (295  samples) 

(For  ZQ,  mean  =  2.21  cm  and  at. dev.  *  0.75  cm) 


>  Mean 

71.5 

.00378 

6.24 

39.8 

1692 

1  Standard  Deviation  17.5 

.00258 

0.851 

10.6 

845 

Slope,  m 

0.00159 

3.553 

0.240 

0.0183 

0.000219 

Intercept,  b 

2.10 

2.20 

0.72 

1.49 

1.85 

,  Correlation  Coef.  0.037 

0.012 

0.272 

0.259 

0.247 

90X  Confidence 

Limits: 

(lower) 

0.000 

-0.035 

0.235 

0.222 

0.210 

<  upper ) 

0.074 

0.059 

0.309 

0.296 

0.284 

80*  Confidence 

Limits: 

(lower) 

0.013 

“0.019 

0.248 

0.235 

0.223 

(upper) 

0.061 

0.043 

0.296 

0.283 

0.271 

70x  Confidence 

Limits: 

(lower) 

0.022 

-0.007 

0.257 

0.244 

0.232 

(upper) 

0.052 

0.031 

0.287 

0.274  C 

>.262 

*  Significance  16.8  4.8  89.0  87.2  85.2 


Part  B:  Green  Tracer  (260  samples) 
(For  Zo*  mean  *  2.28  cm  and  at. dev.  *  0.96  cm) 


Mean 

71.5 

0.00378 

6.24 

39.8 

1692 

Standard  Deviation 

17.5 

0.00258 

0.851 

10.6 

845 

Slope,  m 

0.00702 

30.27 

0.502 

0.0386 

0.000435 

Intercept,  b 

1.78 

2.17 

-0.84 

0.76 

1.56 

Correlation  Coef. 

0.128 

0.081 

0.445 

0.426 

0.383 

90X  Confidence  Limits: 

(lower) 

0.091 

0.034 

0.408 

0.389 

0.347 

(upper) 

0.165 

0.128 

0.482 

0.463 

0.420 

80*  Confidence  Limits: 

(lower) 

0.104 

0.050 

0.421 

0.402 

0.359 

(upper) 

0.152 

0.112 

0.469 

0.450 

0.407 

70*  Confidence  Limits: 

(lower) 

0.113 

0.062 

0.430 

0.411 

0.368 

( upper ) 

0.143 

0.100 

0.460 

0.441 

0.398 

x  Significance 

54.0 

32.2  99.4 

99.0 

98.0 

Mean  correlation  coefficient  for  the  two  colors: 

0.083  0.047  0.359  0.343  0.315 


I 

\ 

i 

t 

! 
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Table  8-10.  Correlation  of  Treneport  Thicknaaa  with 
Maxiaua  Orbital  Velocity  froa  Currant  Meaaureaenta 
<ua  ia  froa  Table  4-2.) 

Naana  and  atandard  daviatlona  are  in  unita  of  ca/a. 
Intarcapta  are  in  ca. 

Correlation  with? _ ^V)a^Q-l? _ <u«> _ <u«>2 _ 


Part  A:  Rad  Tracer  <293  aaaplaa) 

(For  Z0f  aaan  ■  2.02  ca  and  at.dav.  *  0.49  ca) 


Mean 

Standard  Deviation 
Slope,  a 
Intercept,  b 
Correlation  Coef . 

90a  Confidence  Lialte 
(lower) 

( upper ) 

SO*  Confidence  Liaita 
(lower) 

<  upper ) 

70*  Confidence  Liaita 
( lower) 

( upper ) 

*  Significance 


6.46 

42.9 

2039 

1.064 

14.12 

1308 

-0.164 

-0.0117 

-0.000111 

3.08 

2.57 

2.24 

-0.356 

-0 .?  >7 

-0.296 

-0.403 

-0 . 384 

-0.343 

-0.309 

-0.290 

-0.249 

-0.387 

-0 . 368 

-0.327 

-0 . 325 

-0.306 

-0.265 

-0.375 

-0.356 

-0.313 

-0.337 

-0.318 

-0.277 

94.2 

92.6 

88.0 

Part  B:  Green  Tracer  <260  aaaplea) 
(For  20,  aean  *  2.01  ca  and  at. dev.  *  0.75  ca) 


Mean 

6.46 

42.9 

2039 

Standard  Deviation 

1.064 

14.12 

1308 

Slope,  a 

-0.344 

-0.0241 

-0.000223 

Intercept,  b 

4.22 

3.03 

2.45 

Correlation  Coef. 

-0.488 

-0.454 

-0.389 

90*  Confidence  Liaita: 

(lower) 

-0.335 

-0.301 

-0.436 

<upp' 

-0.441 

-0.407 

-0.342 

80*  Confidence  Liaita: 

( lower) 

-0.319 

-0.485 

-0.420 

<  upper ) 

-0.457 

-0.423 

-0.358 

70*  Confidence  Liaita: 

(lower) 

-0.307 

-0.473 

-0.408 

( upper ) 

-0.469 

-0.435 

-0.370 

*  Significance 

99.3 

98.8 

96.3 

Mean  correlation  coefficient  for  the  two  colora: 

-0.422  -0.396  -0.343 


Table  8-11.  Correlation  of  Tranaport  Thicknaaa  with 
Orbital  Oiaaatar  and  Total  Velocity 
(from  current-aeter  aeaaureaenta.  Table  4-2) 

Meana  and  atandard  deviation#  are  in  unite  of  c»  for  d0 
and  ca/a  for  uy.  Intercept#  are  in  ca. 

Corr.  with:  <d^>0«S  <d»> _ <An>2 - <UT>_°-lg - <UX> - <VtT>2 

Part  A:  Red  Tracer  <295  aaaplea) 


<For  Zo0 

aean  * 

2.02  ca 

and  at. dev.  ■  0. 

49  ca) 

Mean 

12.4 

158 

27065 

4.20 

18.4 

369 

Standard  Dev  1.93 

47.5 

15261 

.638 

5.62 

222 

Slope ,  a 

-.0518  - 

.00206  - 

-5.83x10* 

■6  -.306 

-.0301  - 

.000696 

Intercept, 

b  2.66 

2.34 

2.17 

3.30 

2.57 

2.27 

Cor .  Coef . 

-0.204 

-0.200 

-0.182 

-0 . 398 

-0.345 

-0.315 

90k  Confidence  Liaita: 

< lower) 

-0.249 

-0.245 

-0.227 

-0.445 

-0.392 

-0.362 

< upper) 

-0.159 

-0.155 

-0.137 

-0.351 

-0.298 

-0.268 

80«  Confidence  Liaita: 

< lower) 

-0.234 

-0.230 

-0.212 

-0.429 

-0 . 376 

-0.346 

< upper ) 

-0.174 

-0.170 

-0.152 

-0 . 367 

-0.314 

-0.284 

70k  Confidence  Liaita: 

< lower ) 

-0.222 

-0.218 

-0.200 

-0.417 

-0 . 364 

-0.334 

< upper) 

-0.186 

-0.182 

-0.164 

-0 . 379 

-0.326 

-0.296 

k  Sig. 

71.6 

70.8 

66.0 

96.8 

93.4 

90.4 

Part  B:  Green  Tracer  <260  aaaplea) 


<For  Z0, 

aean  ■  2 

.01  ca  and  at. dev.  *  0.75  ca) 

Mean 

12.4 

158 

27065 

4.20 

18.4 

369 

Standard  Dev  1.93 

47.5 

15261 

.638 

5.62 

222 

Slope,  a 

-.0877 

-.00388 

-.0000132  -.323 

-.0610 

-.00137 

Intercept, 

b  3.09 

2.62 

2.36 

3.32 

3.11 

2.50 

Cor .  Coef . 

-0.226 

-0.246 

-O . 269 

-0.275 

-0.457 

-0.406 

90k  Confidence  Liaita: 

< lower) 

-0.271 

-0.291 

-0.314 

-0.322 

■0 .5v'. 

-0.453 

< upper ) 

-0.181 

-0.201 

-0.224 

-0.228 

-0.410 

-0.359 

80k  Confidence  Liaita: 

< lower) 

-0.256 

-0.276 

-0.299 

-0.306 

-0.488 

-0.437 

< upper) 

-0.196 

-0.216 

-0.239 

-0.244 

-0.426 

-0.375 

70k  Confidence  Liaita: 

< lower) 

-0.244 

-0.264 

-0.287 

-0.294 

-0.476 

-0.425 

< upper ) 

-0.208 

-0.228 

-0.251 

-0.256 

-0.438 

-0.387 

k  Sig. 

76.6 

80.8 

84.8 

85.0 

98.8 

97.2 

Mean  correlation  coefficient  for  the  two  color*: 

-0.215  -0.223  -0.226  -0.337  -0.401  -0.361 


APPENDIX  6:  Measured  Transport 
Tabla  8-12.  Croaahora  Transport 


Transport 

Saapla I --graan  tracar- -  I  I - rad  tracar - I  Naan  Dl£. 

Expariaant  Tina  UZ0  i  U  Z0  1  <i>  Ai 

<ain.)<ca/s)  <cn) (dvnaa) <cn/a) <cn)  (dvnaa) 


<ca-s  ) 

(cn-a 

.  > . 

23Jun80#l 

18.1  .0443 

1.93 

81.4  .0425 

1.78 

72.1 

76.8 

9.3 

#2 

39.8  .0321 

2.47 

75.5  .0335 

2.50 

79.8 

77.7 

-4.3 

#3 

62.0  .0380 

2.34 

84.7  .0397 

2.62 

99.1 

91.9 

-14.4 

#4 

131.1  .0194 

2.36 

43.6  .0211 

2.29 

46.0 

44.8 

-2.4 

HAugSO#l 

18.6  .0838 

1.12 

89.4  .0229 

1.99 

43.4 

66.4 

46.0 

#2 

46.0  .0256 

2.45 

59.7- .0059 

2.17 

-12.2 

23.8 

71.9 

#3 

72.8  .0167 

2.46 

39.1- .0129 

2.51 

-30.8 

4.2 

69.9 

#4 

105.4  .0041 

1.72 

6.7  .0016 

2.01 

3.1 

4.9 

3.6 

#5 

133.0  .0079 

1.68 

12. 6-. 0004 

1.79 

-0.6 

6.0 

13.2 

#6 

160.2  .0096 

1.85 

16. 9-. 0015 

2.06 

-2.9 

7.0 

19.8 

12Sap80#l 

25.1  .0771 

2.56 

188.0  .0128 

1.72 

21.0 

104.5 

167.0 

#2 

55.5  .0335 

3.45 

110.1  .0209 

3.07 

61.1 

85.6 

49.0 

#3 

87.0  .0386 

3.70 

136.0  .0142 

2.94 

39.8 

87.9 

96.2 

#4 

131.7  .0093 

3.35 

29. 7-. 0046 

2.43 

-10.6 

9.6 

40.3 

#5 

180.7  .0112 

2.70 

28.8  .0096 

1.87 

17.1 

23.0 

11.7 

#6 

227 . 1  . 0038 

3.34 

12.1  .0068 

2.62 

17.0 

14.6 

-4.9 

29Sap80#l 

19.5  .0950 

3.16 

286. 0-. 0293 

2.10 

-58.6 

113.7 

344.6 

#2 

36. 6-. 0489 

2.11 

-98. 3-. 0883 

3.00-252.3-175.3 

154.0 

#3 

67.8  .0171 

4.15 

67. 6-. 0088 

3.12 

-26.2 

20.7 

93.8 

#4 

110.0  .0112 

4.00 

42. 7-. 0094 

2.85 

-25.5 

8.6 

68.2 

#5 

137.2  .0254 

4.16 

100.7  .0088 

4.74 

39.7 

70.2 

61.0 

#6 

168.4  .0106 

3.99 

40. 3-. 0074 

4.31 

-30.4 

5.0 

70.7 

3AugS4#l 

66. 3-. 0134 

1.48 

-18. 9-. 0220 

1.60 

-33.5 

-26.2 

14.6 

#2 

141. 3-. 0076 

1.46 

-10. 6-. 0146 

2.14 

-29.8 

-20.2 

19.2 

10Aug84#l 

55.3  .0815 

0.85 

66.0  .1515 

1.57 

226.6 

146.3- 

160.6 

#2 

120.0  .0069 

5.6  .0421 

0.93 

37.3 

21 .5 

-31.7 

29Aug84#l 

50. 9-. 0233 

1.22 

-27.1 -.0427 

1.26 

-51.2 

-29.3 

24.1 

#2 

105. 5-. 0137 

1.13 

-■  .0205 

1.39 

-27.1 

-20.9 

12.4 

#3 

167. 3-. 0125 

1.43 

-17. 0-. 0088 

1.38 

-11.6 

-14.3 

-5.4 

26Sap64#l 

50.9  .0104 

1.89 

18.7  .0572 

1.91 

109.3 

64.0 

-90.6 

#2 

100. 6-. 0034 

1.90 

-6.2  .0312 

1.80 

53.5 

23.7 

-59.7 

#3 

145.2  .0152 

1.83 

26.5  .0084 

2.06 

16.5 

21 .5 

10.0 

300c t 84# 1 

82.3  .0104 

1.20 

11.9  .0140 

2.16 

28.8 

20.4 

-16.9 

#2 

135.5  .0088 

1  .27 

10.6- .0015 

2.14 

-3.1 

3.8 

13.7 

#3 

176.4  .0119 

1.64 

18.6  .0100 

1.39 

13.2 

15.9 

5.4 

#4 

206.8  .0061 

1.55 

9.0  .0177 

2.40 

40.5 

24.8 

-31  .5 
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Table  8-13.  Longshore  Transport 


Transport 

Sasp Is  I --grssn  tracsr--ll rod  tracer I  Mean  Dlf. 

Experiment  Tins  U  Z0  1  U  Z0  1  <i>  Ad 

(sin. ) <cs/s) <c») (dvnss) (ci/s)  (cm)  (dvnaa) 

>  (cm-m  )_  _ 


23 J un80# 1 
#2 
#3 
#4 

HAug80#l 

#2 

#3 

#4 

#3 

#6 

12Ssp80#l 

#2 

#3 

#4 


16.1 

39.8 
62.0 

131.1 
18.6 
46.0 

72.8 
103.4 
133.0 

160.2 
25.1 
35.5 
87.0 

131.7 


-.0187 


.0036 
.0027 
.1172 
. 00009 
.00003 
.0040 
.0003 
.00003 
.0194 
.0003 
.00009 
.0002 


1.93  -34. 4-. 0196 
2.47 

2.34  -8.0- .0039 

2.36  -6.1- .0022 

1. 12-125. 0-. 0945 

2.45  -0. 2-. 0010 

2.46  -0.06  .00001 

1.72  -6. 6-. 0040 

1.68  -0. 4-. 00001 

1.85  -0.04.000001 
2.56  -47. 3-. 0014 
3.45  - 1 . 1 - . 0005 

3.70  -0.3-.00001 

3.35  -0. 6-. 00002 


1.78 

2.50 
2.62 
2.29 
1.99- 
2.17 

2.51 

2.01 

1.79 
2.06 
1.72 
3.07 
2.94 
2.43 


-33.2  -33.8  -1.2 


-9.7 

-4.8 

179.1- 

-2.1 

0.03 

-7.7 

-0.02 

0.00 

-2.3 

-1.6 

-0.04 

-0.05 


-8.9  1.7 

-9.3  -1.3 
152.1  54.1 
-1.1  1.9 

-0.05  -0.1 
-7.1  1.1 

-0.2  -0.4 
-0.02-0.04 
-24.8-43.0 
-1.3  0.4 

-0.18  -0.3 
-0.33  -0.6 


#2 

#3 

300ct64#l 

#2 

#3 

#4 


100.6- 

145.2 

82.3 

135.5 

176.4 

206.8 


.0000031.90 
.0003  1.63 

1.20 
1.27 
1.64 
1.55 


-0.01 -.00003  1.80 
0.39  .00016  2.06 
2.16 
2.14 

1.39 

2.40 


0.31  0.45  0.28 


.1* 

#3 

180. 7-. 00006 

2.70 

-0. 2-. 00007 

1.87 

-0.12 

-0.17 

-0.1 

m 

» 

#6 

227.1 -.00006 

3.34 

-0. 2-. 00009 

2.62 

-0.22 

-0.21 

0.0 

y 

29Ssp60#l 

19.5  .0533 

3.16 

160.4  .0692 

2.10 

138.4 

149.4 

22.0 

!v% 

i)*, 

#2 

36.6  .00006 

2.11 

0.1  .0063 

3.00 

18.0 

9.1- 

17.9 

Y* 

IV 

• » 

#3 

67.8  .0018 

4.13 

7.1  .0075 

3.12 

22.3 

14.7-15.2 

#4 

110.0  .0225 

4.00 

85.7  .0204 

2.85 

5.4 

70.6 

80.4 

y 

#5 

137.2  .0180 

4.16 

71.3  .0187 

4.74 

84.4 

77.9- 

13.1 

fe- 

*!■ 

#6 

166.4  .0150 

3.99 

37.0  .0034 

4.31 

14.0 

35.3 

43.1 

3Aug84#l 

66.3  .00002 

1.46 

0 . 03- . 0006 

1.60 

-0.9 

-0.5 

1.0 

$ 

'  \ 

#2 

141. 3-. 00007 

1.46 

-0.09- .0002 

2.14 

-0.5 

-0.3 

0.4 

10Aug84#l 

55.3  . 0004 

0.85 

0.31  .0051 

1.57 

7.6 

4.0 

-7.3 

Li 

.  i 

■  s. 

#2 

120.0  .0139 

11.3  .0165 

0.93 

14.6 

12.9 

-3.4 

K", 

|i,‘ 

v  ' 

29Aug64#l 

30.9  .0009 

1.22 

1 . 1 - . 0064 

1.26 

-7.7 

-3.3 

8.6 

v, 

is 

4 

#2 

105.5  .0004 

1.13 

0. 4-. 00032 

1.39 

-0.4 

-0.02 

0.8 

1** 

#3 

167.3  .0040 

1.43 

,  3.4  .0046 

1.38 

6.1 

5.7 

-0.7 

w. 

26Sap84#l 

50.9  .00008 

1.89 

0.15  .00045 

1.91 

0.8 

0.5 

-0.7 

f: 
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APPENDIX  7:  Computed  Transport 


Transport  coaputad  froi  aach  of  tha  badload  nodal a 


la  listad  for  aach  of  tha  30  tracar  axpariaanta  for  which 


currant  aatar  data  wara  aval labia.  Transport  la  diaanaional 


in  units  of  dynas/ <ca-s> .  Transport  for  tha  10  August  1984, 


29  August  1964,  and  26  Saptanbar  1984  axpariaanta  is  tha 


avaraga  for  tha  two  currant  aatars. 
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Tabla  8-14.  Croaahora  Tranaport  Pradlctad  by  tha  u3  Modal a 

(Poaltlva  tranaport.  la  onahora.) 

gaoarlaant _ Tranaport  Idvnaa/  <c*-a>_l - 

Ballard  Bagnold  Mayar-  Yalln  Kobayaahl 

&  I naan  Patar 

a  Muallar 

with  ut  with  ut 


23Jun80 

#1 

29.20 

29.95 

36.25 

35.92 

53.15 

220.91 

9.34 

#2 

14.07 

16.43 

23.40 

24.78 

33.22 

137.90 

2.24 

#3 

7.61 

10.00 

13.51 

15.19 

22.47 

93.05 

0.41 

#4 

10.47 

12.17 

13.93 

15.12 

22.71 

94.40 

1.53 

HAugSO 

#1 

0.23 

0.15 

9.13 

5.09 

-0.01 

-0.02 

-0.01 

#2 

0.44 

0.34 

2.67 

0.96 

0.11 

0.41 

0.01 

#3 

0.67 

0.60 

2.08 

0.78 

0.39 

1.44 

0.05 

#4 

0.83 

0.58 

2.11 

0.76 

0.41 

1.52 

0.05 

#5 

0.63 

0.49 

1.93 

0.68 

0.33 

1.32 

0.04 

#6 

0.48 

0.33 

1.86 

0.55 

0.28 

1.04 

0.04 

12Sap80 

#1 

0.27 

0.97 

0.66 

1.08 

0.67 

2.48 

0.03 

#2 

-0.64 

0.35 

-0.17 

0.50 

0.23 

0.84 

-0.02 

#3 

-0.48 

0.43 

-0.04 

0.33 

0.24 

0.89 

-0.01 

#4 

-0.41 

0.28 

0.02 

0.36 

0.16 

0.60 

-0.01 

#3 

-0.62 

0.28 

-0.16 

0.33 

0.15 

0.55 

-0.01 

#6 

-0.35 

0.43 

-0.11 

0.51 

0.23 

0.90 

-0.02 

3Aug84 

#1 

-76.31 

-75.01 

-72.91 

-71.93 

-89.73 

-428.49 

-22.51 

#2 

-67.33 

-63.79 

-65.07 

-63.79 

-76.28 

-364.72 

-19.21 

10Aug84 

#1 

59.31 

36.34 

66.96 

63.55 

79.89 

447.14 

11.59 

#2 

31.31 

49.28 

57.73 

34.88 

69.76 

390.41 

10.25 

29Aug84 

#1 

-27.32 

-25.06 

-24.79 

-23.17 

-19.80 

-143.12 

-4.66 

#2 

-27.01 

-24.61 

-24.77 

-22.92 

-19.25 

-139.12 

-5.17 

#3 

-26.82 

-24.64 

-24.61 

-22.94 

-19.83 

-143.31 

-3.56 

26Sap84 

#1 

18.29 

17.20 

19.65 

18.38 

15.78 

90.69 

2.11 

#2 

17.37 

16.63 

19.02 

18.08 

16.53 

94.83 

2.12 

#3 

18.32 

17.85 

20.40 

19.70 

19.61 

112.22 

2.67 

300ct84 

#1 

1.09 

1.36 

2.73 

2.81 

3.65 

30.94 

0.32 

#2 

2.14 

2.37 

3.89 

3.92 

4.61 

38.96 

0.45 

Table  8-15.  Croaihor*  Transport  Predicted  by  the  u4 

and  u*  Model* 


(Positive  transport  ia  onahora.) 

Experiment _ Transport  Cdynea/<cm-a)J _ 

Slaath  Hallaraaiar  Hanaa  &  Bowan 

with  ut  with  ut  with  ut. 


23Jun80 

#1 

1.24 

1.40 

1.39 

39.10 

39.00 

#2 

0.78 

0.97 

0.99 

27.89 

28.08 

#3 

0.55 

0.61 

0.64 

18.61 

18.86 

#4 

0.53 

0.58 

0.60 

16.87 

17.04 

HAug80 

#1 

-0.000 

0.12 

0.08 

2.27 

1.60 

#2 

0.001 

0.029 

0.014 

0.61 

0.33 

#3 

0.003 

0.022 

0.012 

0.56 

0.37 

#4 

0.003 

0.022 

0.011 

0.56 

0.37 

#5 

0.003 

0.020 

0.010 

0.52 

0.32 

#6 

0.002 

0.019 

0.008 

0.47 

0.26 

12S*p80 

#1 

0.006 

0.013 

0.015 

0.48 

0.51 

#2 

0.002 

0.003 

0.007 

0.16 

0.22 

#3 

0.002 

0.004 

0.007 

0.17 

0.23 

#4 

0.001 

0.003 

0.005 

0.13 

0.15 

#5 

0.001 

0.002 

0.005 

0.11 

0.14 

0.002 

0.003 

0.007 

0.17 

0.22 

3Aug84 

#1 

-1.88 

-2.32 

-2.31 

-79.54 

-79.43 

#2 

-1.53 

-1.97 

-1.96 

-64.07 

-63.93 

10Aug84 

#1 

1.72 

2.46 

2.41 

46.56 

51.35 

#2 

1.52 

2.16 

2.12 

46.56 

46.28 

29Aug84 

#1 

-0.25 

-0.81 

-0.78 

-7.52 

-7.41 

#2 

-0.24 

-0.79 

-0.76 

-7.26 

-7.13 

#3 

-0.25 

-0.80 

-0.77 

-7.29 

-7.18 

26Sap84 

#1 

0.22 

0.48 

0.46 

7.98 

7.88 

#2 

0.24 

0.49 

0.48 

8.54 

8.47 

#3 

0.30 

0.56 

0.55 

10.59 

10.53 

300ct84 

#1 

0.06 

0.15 

0.16 

1.81 

1.82 

#2 

0.06 

0.19 

0.19 

2.00 

2.00 

#3 

0.05 

0.16 

0.16 

1.64 

1.64 

#4 

0.05 

0.16 

0.16 

1.68 

1.68 

Tabla  8-16.  Croaahora  Transport.  Pradictad  by  tha  u& 

and  u"  Nodala 

(Positiva  transport  is  onahora.) 

Exparlaant _ Transport  Cdvnaa/  <c»-a)  3 _ 

Madaan  &  Grant  Shibayasa  &  Horikawa  Einatain 

with  ut.  with  ut.  with  ut. 


23Jun80 

#1 

62.87 

62.87 

95.56 

95.44 

5172. 

10591 . 

#2 

45.19 

45.19 

68.68 

68.85 

837. 

5862. 

#3 

31.53 

31.53 

47.92 

48.14 

88.7 

3498. 

#4 

27.57 

27.57 

41.91 

42.07 

32.0 

4187. 

HAugSO 

#1 

-5.40 

-5.20 

-8.20 

-8.79 

351. 

23. 

1 

#2 

-0.29 

-0.28 

-0.44 

-0.67 

88.4 

71 . 

3 

#3 

0.41 

0.39 

0.62 

0.46 

25.1 

142. 

6 

#4 

0.45 

0.43 

0.68 

0.52 

8.63 

142. 

6 

#5 

0.41 

0.39 

0.62 

0.46 

1.85 

110. 

4 

#6 

0.36 

0.35 

0.54 

0.37 

0.44 

71. 

3 

12Sap80 

#1 

0.45 

0.45 

0.68 

0.70 

-0.00 

306. 

2 

#2 

0.17 

0.17 

0.26 

0.30 

-0.92 

38. 

3 

S3 

0.17 

0.17 

0.26 

0.30 

-0.00 

84. 

2 

#4 

0.12 

0.12 

0.19 

0.20 

-0.00 

23. 

7 

AS 

0.12 

0.12 

0.18 

0.19 

-0.00 

23. 

7 

#6 

0.18 

0.18 

0.27 

0.29 

-0.00 

75. 

O 

3Aug84 

#1 

-137.45 

-137.45 

-208.92 

-208.84 

-484.  - 

20097. 

#2 

-105.41 

-105.41 

-160.22 

-160.12 

-120.  - 

18453. 

10Aug84 

A1 

73.69 

73.34 

112.01 

111.79 

728. 

21472. 

#2 

68.86 

68.53 

104.67 

104.47 

163. 

18204. 

29Aug84 

A1 

-6.63 

-6.48 

-10.08 

-10.02 

-368.  - 

10684 . 

A2 

-6.26 

-4.62 

-9.52 

-9.45 

-82.9- 

10684. 

A3 

-6.16 

-6.02 

-9.37 

-9.30 

-19.5- 

10684. 

26Sap84 

A1 

8.12 

7.92 

12.34 

12.27 

247. 

6944. 

A2 

9.12 

8.90 

13.85 

13.80 

29.3 

6635. 

A3 

12.11 

11.82 

18.40 

18.36 

7.72 

6866. 

300ct84 

A1 

2.17 

2.13 

3.30 

3.30 

0.00 

720. 

A2 

2.18 

2.14 

3.31 

3.31 

0.00 

1195. 

A3 

1.76 

1.73 

2.68 

2.68 

0.00 

1015. 

A4 

1.81 

1.78 

2.76 

2.76 

0.00 

964. 
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Table  6-17.  Longshore  Transport.  Predicted  by  the  u3  Models 
(Positive  transport  is  to  the  north.) 


Ballard  &  Insan 

with  ut 

Kobsysshl 

23Jun80  #1 

0.76 

2.04 

-5.32 

#2 

-0.68 

0.80 

-3.68 

#3 

0.20 

1.06 

-3.04 

#4 

4.14 

3.73 

1.74 

HAugfiO  #1 

-1.79 

-0.08 

-0.11 

#2 

-2.22 

-0.02 

-0.07 

#3 

-2.02 

0.03 

-0.05 

#4 

-1.87 

0.03 

-0.08 

•5 

-1.95 

-0.02 

-0.07 

#6 

-2.17 

-0.09 

-0.08 

12SepBO  #1 

-1.32 

-0.03 

-0.06 

#2 

-1.66 

-0.06 

-0.06 

#3 

-1.82 

-0.07 

-0.05 

#4 

-1.96 

-0.08 

-0.04 

#3 

-2.06 

-0.10 

-0.04 

#6 

-1.66 

-0.07 

-0.03 

3Aug84  #1 

-5.16 

-3.94 

-7.29 

#2 

-6.63 

-5.21 

-7.24 

10Aug84  #1 

9.51 

3.18 

12.58 

*2 

5.09 

-0.32 

11.20 

29 Aug 84  #1 

-9.14 

-6.97 

-2.67 

*2 

-7.75 

-5.97 

-2.62 

#3 

-7.28 

-3.60 

-2.85 

26Sep64  #1 

10.74 

6.82 

2.96 

#2 

13.02 

8.84 

4.40 

#3 

14.57 

10.50 

5.83 

300c t 84  #1 

2.13 

1.46 

2.69 

.M  •», 

1.24 

0.83 

1.71 

#3 

0.71 

0.43 

0.93 

#4 

0.31 

0.12 

0.49 

.  .1  - 


